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Abstract A generalized low-order model of the biofilm in

a microbial fuel cell (MFC), suitable for use in real-time

engineering applications, is presented. It is based on the

description of the charge transfer, diffusion process, and

charge accumulation in the biofilm. Since the dynamic

processes in an MFC are ruled mainly by the biofilm, it can

be used for many different diffusion-based MFC types by

just changing the boundary conditions. Different mode

operations like batch, fed-batch, continuous, etc., are also

possible. The time-responses of voltage, substrate con-

centration on the surface of the electrode, and Faradaic and

capacitive currents have been tested under several experi-

mental conditions.

Keywords Biofilm � Microbial fuel cell � Charge transfer �
Substrate diffusion � Double layer

Introduction

Microbial fuel cells (MFCs) are a promising sustainable

technology, since they are able to produce electricity while

reducing organic contaminants from wastewater. The

MFCs consist of two electrodes, one is the anode, which is

exposed to an electron donor (e.g., an organic pollutant),

and the other is the cathode working as a terminal electron

acceptor (e.g., oxygen). The bacteria responsible for the

current generation in MFCs grow in a biofilm attached to

the anode surface. These microbial cells release electrons

to the anode. These electrons travel through the external

load to the cathode, where the terminal electron acceptor is

reduced [1].

Modeling MFCs is necessary for engineering applica-

tions like to plan optimization strategies, to decide control

systems, and estimation or prediction strategies. System

modeling is important not only for understanding and

capturing the main phenomena that take place in the sys-

tem but also for observing, predicting, and designing a

suitable control law for the internal variables of the MFC.

For example, a suitable model of an MFC should allow

estimating the amount of biomass and substrate concen-

tration by measuring only the current and potential of the

cell. Also be able to predict what it will occur in a time

t þ T having measurements only up to time t. It should also

allow designing a control law on the amount of substrate to

be supplied to maintain the cell at its optimum production

point [2]. However, to be able to perform all these tasks, it

is necessary that these models are simple, but that they

adequately describe the most important processes of the

MFC and that contain the most important variables. In this

sense, some authors propose a simple alternative to model

the MFC system. For example, the linearized first-order

approximation reported by Boghani et al. [3] or the

equivalent electrical circuit, composed of a capacitor in

parallel with the electrode charge-transfer resistance, pro-

posed by Ha et al. [4]. This kind of model is very simple to

implement, since it does not require expert knowledge of

the MFC internal processes or great computational cost.

However, these models based on linearization work well

for small variations of states around a fixed operational

point of the MFC. For cases of large variations of the
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states, it is necessary to maintain the nonlinear character-

istics of the cell without losing the simplicity.

An important group of models are based on fundamental

biological, physical-chemical, and electrochemical princi-

ples, known as knowledge-based models (KBMs), that

provide an accurate insight of the involved processes; see

for example [5] for a recent review. To model the MFC, it

is crucial to consider the most important processes that

govern the dynamics of the cell. Some of the mechanisms

controlling the behavior of the MFC are charge accumu-

lation and electron transfer, which finally result in the

power released.

The charge of the MFC is stored in two ways, either as

biochemically bound or as immediately available, which

are conditioned by the molecular diffusion in the biofilm

and the double-layer capacity, respectively. Molecular

diffusion is the net flux of substrate from the region of

higher concentration to the lower one, which is located at

the anode surface. Therefore, this mechanism defines the

rate at which the substrate is degraded by microorganism

and, consequently, the rate of the produced current. Several

KBMs consider that the substrate concentration is a func-

tion of both time and location. For example, Sirinutsom-

boon [6] includes into the mass balance Fick’s second law

to describe the substrate profile evolution into the biofilm

in one dimension. Picioreanu et al. [7] propose spatial

concentration gradients in one-, two-, or three-dimensional

setups. Picioreanu et al. [8] consider that solutes move not

only by diffusion, but also by convection and electromi-

gration in a two-dimensional biofilm model. In [9, 10], a

simplification is presented by assuming a steady-state

profile for substrate concentrations.

The charge is also accumulated in the double layer,

which provides an instantaneous current when changes are

imposed on the external load. Then, the double-layer

capacity is an important process involved in the MFC

systems, which has already been studied and characterized

by [11]. Moreover, the biofilm has a pronounced effect on

the double-layer thickness at the electrode–electrolyte

interface, increasing the capacitance of the system. To our

knowledge, only Zeng et al. [12] modeled such an impor-

tant process by including in the charge balances the

capacitance of the anode and cathode.

The bacteria responsible for the current generation in

MFCs may transfer electrons directly to the anode surface

or using soluble mediators. Direct electron transfer

involves either membrane-bound cytochromes or the pro-

posed conducting structures termed nanowires [13]. Sol-

uble mediators are chemicals that diffuse through the

electrolyte and can shuttle electrons between microbial

cells and the anode. Papers [14, 15] report that electro-

chemically active bacteria from a biofilm enriched in an

MFC can produce mediator compounds in situ.

Involvement of soluble mediators, which has already been

modeled by [7, 8], justifies the existence of an oxidation

and reduction reaction in the anode surface, which always

occurs in any electrode–electrolyte interface [16].

As can be seen from the previous paragraphs, the bio-

film growing on the anode is of great importance in the

dynamic response of the MFC, since in this zone, substrate

diffusion occurs, mediators participate in the electron

transfer to the anode surface, and the biofilm modifies the

double-layer capacity. Thus, the anode is often considered

as the limiting factor of an MFC, which implies that the

limiting processes for the electrochemical reactions take

place at the anode.

All the KBMs described have complex approaches; their

complexities are summarized in Table 1. It is obvious that

the more the complexity of the model, the greater the

number of parameters and variables considered. The

problem with the high complex models is that they are

difficult to use in real-time applications like control, pre-

diction, and observation. Even more so if it is taken into

account that some parameters are time-varying.

Basically, simple analogies are practical, but empirical

and sometimes, they do not work properly. On the other

extreme, there are electrochemical models with a great

number of parameters and variables, which are very

demanding to obtain. However, it is difficult to find simple

models able to run in real time for engineering applications

that interpret the processes involved using electrochemical

states. A simple model should fulfill the following require-

ments: (1) low order with low computational needs, (2)

identifiable with economic resources and based on simple

measurements, and mainly (3) should be described by bio-

electrochemical and physical variables and parameters.

Therefore, in this paper, a simple model is presented,

considering mainly the dynamics of the biofilm at the

anode. The model is not intended to interpret the intrinsic

phenomena to a metabolic level; the aim is to interpret the

global dynamics of the substrate consumption and the

balance of electric charges. The proposed model can be

used for many different diffusion-based MFCs by just

changing the boundary conditions. Different mode opera-

tions like batch, fed-batch, continuous, etc., are also pos-

sible. Following electrochemical arguments, it is shown

that the MFC dynamics can be characterized by a low-

order model by considering (1) Fick’s laws to describe the

substrate concentration profile due to the diffusion process

in the biofilm in one dimension perpendicular to the anode

surface, (2) the capacitance due to the biofilm at the anodic

interface, and (3) a static nonlinearity due to the electro-

chemical reactions at the electrode interfaces, which is

governed by a Butler–Volmer-type equation. Because of its

simplicity, the model is suitable for digital real-time

implementations.
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Model formulation

MFCs are basically a system conformed by two electrodes

composed of conductive particles immersed in liquid

media, generally water. Both electrodes are separated by a

proton-conducting medium, for example a perfluoro-sul-

fonated cation-exchange membrane. In the case of a two-

chamber MFC, the potential distribution is shown in Fig. 1.

The negative electrode is the anode, covered by bacteria

forming a biofilm, immersed in a solution at a given con-

centration of substrate. It is responsible to oxidize the

organic matter—substrate—that arrives at the electrode

surface by diffusion. The electrons are generated during

oxidation of the organic substrate, by the bacteria. Con-

sidering acetate as the carbon source, the main reaction in

the anode is as follows:

ðCH2OÞ2 þ 2H2O ! 2CO2 þ 8Hþ þ 8e�: ð1Þ

The microbial cells are capable of transferring the

electron to diffusible mediators. There are exogenous

mediators naturally present or just added in the medium

and there are also endogenous mediators produced by

microbial cells. In this model, it is assumed that electron

transfer between the electroactive bacteria and the anode

surface occurs by exogenous mediators that are naturally

present [20]. The anode transfers electrons to the cathode

via the external circuit, which results in the production of

electric energy under load. Simultaneously, protons are

transferred via the membrane to the cathode to maintain

charge balance. The cathode is the positive electrode where

reduction is carried out given by the following reaction:

O2 þ 4Hþ þ 4e� ! 2H2O: ð2Þ

In the energy-release processes, two main stages must be

distinguished: one, corresponding to the charge-transfer

process at the electrode–electrochemical interface, includ-

ing electrochemical reactions and double-layer charging;

another one, corresponding to substrate mass transfer to the

anode. In the next subsections, both stages are described,

which are the main part of the biofilm dynamical model

where the following assumptions were made:

• The limiting processes for the electrochemical reactions

take place at the anode. Several models [7–9, 17, 18,

21] consider the anode as the limiting factor of an

MFC, which implies that all concentrations in the

cathode are the maximum admissible and remain

always almost constant.

• The anodic chamber has two parts, one corresponding

to the bulk solution, which is considered homogeneous

where pH, substrate concentration, pressure, and tem-

perature inside are uniform and constant, and the other

is the biofilm covering all the electrode surfaces.

Uniform distribution and constant concentration of

microbial population in the biofilm is assumed. The

biofilm is considered as the unique power supply.

• The acetate is assumed to be the only carbon source in

the anode and it is the only limiting substrate for

microorganisms. Other nutrient concentrations like

nitrogen or phosphorus are saturated.

• The carbon source diffuses in the biofilm towards the

electrode surface where the redox reactions take place.

Then, the modeled dynamic is governed by the

diffusional and electron charge-transfer process inside

the biofilm.

• The proton transport is not a limiting process.

• Carbon dioxide remains dissolved in the solution.

• Electrons are transferred from the cells to the anode by

diffusible redox mediators. It is assumed that a certain

concentration of these compounds exists from the

beginning. Soluble mediators justify the existence of an

oxidation and reduction reaction in the anode surface,

which always occurs in any electrode–electrolyte

interface [16].

Table 1 Features of the MFC

models
Feature References

[17] [18] [9] [6] [12] [7] [19] [8]

Number of parameters 14 18 21 23 31 34 41 73

Number of variables 15 11 7 10 11 24 12 35

Dimension of the gradient concentration 1 1 2 1 1 3 1 3

Anode is modeled Yes Yes Yes Yes Yes Yes Yes Yes

Cathode is modeled No No No Yes Yes No Yes No

Conductive biofilm is considered Yes Yes Yes Yes Yes No Yes No

Electron transfer by mediators is considered No No No No No Yes No Yes

Electrical double layer is considered No No No No Yes No No No

Heat transfer is considered No No No No No No Yes No

pH effect is considered No No No No No No No Yes
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• The diffusion is limiting in the transport of matter, such

as in very thick biofilms. This occurs in processes that

operate in batch, fed-batch, and continuous modes with

slow flow rate.

• Saturation effects of the substrate concentration are not

considered in this model.

Faradaic charge-transfer processes

With the acetate oxidation, reduction and oxidation reac-

tions of the mediators occur simultaneously in the anode.

The electrochemical oxidation is described by the follow-

ing reaction [7]:

Mred $ Mox þ 2Hþ þ 2e� ð3Þ

where Mred and Mox are the reduced and oxidized form of

the mediator, respectively. The reduction reaction of Mox is

not a limiting step in the model; this implies that each

electron provided by acetic biological oxidation is readily

captured by a mediator molecule.

The electrochemical oxidation and reduction reactions

taking place at the anode—and simultaneously at the

cathode to keep the electrochemical balance—give rise to

the Faradaic current, IfðtÞ. The Faradaic current may be

described in terms of the Butler–Volmer equation, as fol-

lows [22, 23]:

If ¼ ~krcrea
rg � ~kocoe�aog; ð4Þ

where cr and co, ~kr and ~ko are the concentrations and

constant rates of reduced and oxidized species at the

electrochemical interface, respectively; ar ¼ arF=RT and

ao ¼ aoF=RT are constants, where ar with values in the

interval (0, 1) and ao ¼ 1� ar are symmetry factors; in this

paper, it is assumed that the values ar ¼ ao ¼ 0:5, which

means ar ¼ a0 ¼ a; F is the Faraday constant; R the uni-

versal gas constant; T is the temperature; and g ¼ Ea � Eo
a

is the anodic overpotential defined as the difference

between the anode potential Ea, see Fig. 1, and the refer-

ence potential Eo
a .

The importance of taking into account the oxidation

reactions in the anode surface is clear when considering

only the reduction term on the right-hand side of (4).

Under zero current or equilibrium condition, If ¼ 0, if the

term corresponding to the oxidation reactions was miss-

ing, the overpotential should be g ¼ �1, which is not

possible.
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Multiplying and dividing the first term on the right-hand

side of Eq. (4) by the maximum acetate concentration,

which is the reduced state of the active species (�cr) and,

taking into account that the saturated concentration of the

oxidized species (co) remains almost constant—non limit-

ing—, the following direct equation holds:

If ¼ krSeag � koe�ag; ð5Þ

where kr ¼ ~kr�cr and ko ¼ ~koco, are both constants, and S ¼
cr=�cr is the fractional substrate or acetate concentration at

the interface, which lies in the interval (0, 1). This is a

Butler–Volmer equation expressing the functional rela-

tionship of current with respect to overpotential and

concentration.

The MFC potential relationship is given by the follow-

ing equation:

V ¼ Ec � Ea � IRi ¼ Ec � Eo
a � g� IRi; ð6Þ

where V is the potential between terminals of both elec-

trodes, Ec is the constant potential between the cathode and

the cathodic electrolyte in the surface of the electrode, I is

the current that flows through the MFC, which is the dif-

ference between the Faradaic current If and the double-

layer current Ic as will be described later, and Ri is the

ohmic resistance including both the resistance to the flow

of electrons through the electrodes and interconnections,

and the resistance to the flow of ions through the proton-

exchange membrane, the anodic, and cathodic electrolytes.

Replacing (6) in (5), the following expression for the cur-

rent is obtained:

If ¼ KrSe�aðVþIRiÞ � KoeaðVþIRiÞ; ð7Þ

where Kr ¼ kreaðEc�Eo
a Þ and Ko ¼ koe�aðEc�Eo

a Þ. From (7), it

is possible to obtain the substrate concentration at the

electrode surface S explicitly, as

S ¼ KoeaðVþIRiÞ þ If

Kre�aðVþIRiÞ
; ð8Þ

which is a function of V, I, and If .

Note that when the total current is zero, the open circuit

voltage (OCV) can be explicitly written as follows:

OCV ¼ Aþ B logðSI¼0Þ; ð9Þ

where A ¼ B logðKr=KoÞ and B ¼ 1=2a ¼ RT=F and SI¼0

is the substrate concentration at zero current. This rela-

tionship in steady state is called electromotive force (EMF)

of the MFC [20]. The EMF represents the functional

relationship between potential and concentration in an open

circuit and in steady state. Therefore, keeping the bacterial

concentration constant, the EMF increases as the concen-

tration increases according to Eq. (9), up to substrate

saturation.

The diffusion process

Equations describing the substrate diffusion transport

constitute the second part of the model. This may be

expressed by Fick’s first and second laws, which in the case

of planar geometry corresponds to [24]:

Jðz; tÞ ¼ � D�cr
oSðz; tÞ

oz
; ð10Þ

oSðz; tÞ
ot

¼ D
o2Sðz; tÞ

oz2
; ð11Þ

where D is the effective diffusion coefficient, S(z, t) and

J(z, t) are the substrate concentration and flux of the sub-

strate in the biofilm at time t and spatial position z. Using

Eq. (10) in (11), the following equation is obtained:

oSðz; tÞ
ot

¼ � 1

�cr

oJðz; tÞ
oz

: ð12Þ

The analytical solution of Eq. (12) is complex. General

solutions of the diffusion equation can be obtained for a

variety of initial conditions and boundary conditions pro-

vided that the diffusion coefficient is constant, see [24].

However, when the boundary conditions are time-varying,

such as a time-varying energy source as in our case, these

solutions exist only for simple functions such as steps,

ramps, or simple deterministic variations. In general, in

these cases, numerical solutions are used. The numerical

solution consists on approximating (12) into a set of ordi-

nary differential equations using a spatial discretization.

Spatial discretization is a very well-known method to

approximate partial differential equations in ordinary dif-

ferential equations; for details, see [25, 26]. Equation (12)

can be discretized along the space variable z by considering

N slices of the biofilm with thickness Dz, as illustrated in

Fig. 2. In this figure, the slice N þ 1 corresponds to the

bulk solution and the slice 0 is the closest slice to the anode

surface.

If each slice is small enough, the concentration Sðzi; tÞ in
the ith slice, where (0� i�N), can be considered constant

with input and output substrate flux given by Jðziþ1; tÞ and
Jðzi; tÞ, respectively. Using this approximation, Eqs. (10)

and (12) can be written as follows:

Jðzi; tÞ ¼
D�cr
Dz

ðSðzi; tÞ � Sðzi�1; tÞÞ; ð13Þ

dSðzi; tÞ
dt

¼� 1

�crDz
ðJðzi; tÞ � Jðziþ1; tÞÞ: ð14Þ

Int J Energy Environ Eng (2017) 8:303–315 307

123



Replacing (13) in (14) and considering a boundary condi-

tion for the flux JðzNþ1; tÞ ¼ 0, the following set of ordi-

nary differential equations that describe the acetate

concentration profile is fulfilled:

dSðz0; tÞ
dt

¼ � aSðz0; tÞ þ aSðz1; tÞ � Jðz0; tÞ=ð�cDzÞ;

dSðz1; tÞ
dt

¼ aSðz0; tÞ � 2aSðz1; tÞ þ aSðz2; tÞ;

..

.
¼ ..

.

dSðzi; tÞ
dt

¼ aSðzi�1; tÞ � 2aSðzi; tÞ þ aSðziþ1; tÞ;

..

.
¼ ..

.

dSðzN�1; tÞ
dt

¼ aSðzN�2; tÞ � 2aSðzN�1; tÞ þ aSðzN ; tÞ;

ð15Þ

where a ¼ D=Dz2. Note that different boundary conditions

can be used to model several operation modes. In this case,

constant concentration at the bulk, SðzN ; tÞ, is considered,

then

dSðzN ; tÞ
dt

¼ 0: ð16Þ

The flux and the Faradaic current are given by the fol-

lowing relationship:

Jðz0; tÞ ¼
If ðtÞ
cFNe

; ð17Þ

where c is the biofilm area and Ne is the electron-mol/

acetate-mol ratio involved in the electrochemical reaction.

Using (17) in (15), a set of ordinary differential equations is

obtained, which can be written in a vector–matrix formu-

lation as follows:

_SðtÞ ¼ USðtÞ þ CIfðtÞ
Sðz0; tÞ ¼ CS;

ð18Þ

where S ¼ ½Sðz0; tÞ; Sðz1; tÞ; . . .; Sðzi; tÞ; . . .; SðzN�1; tÞ;
SðzN ; tÞ�Tand

U ¼ a

�1 1 0 0 � � � 0

1 � 2 1 0 � � � 0

0 1 � 2 1 � � � 0

..

.

0 0 � � � 1 � 2 1

0 0 0 � � � 0 0

2
6666666664

3
7777777775

;

C ¼

�b

0

0

..

.

0

2
6666664

3
7777775
; C ¼ 1 0 � � � 0½ �;

with

b ¼ 1

Fc�cDzNe

:

The complete model

The formation of biofilm on the electrode surface can have

a pronounced effect on the thickness of the double layer,

which in turn influences the double-layer capacitance of the

system [11, 27]. The value of double-layer capacitance

depends on various factors such as electrode polarization,

ionic concentration, temperature, type of ions, oxide layers,

roughness of the electrode, etc. Thus, to build the complete

model, the double-layer capacitive current IcðtÞ is taken

into account, according to the following dynamics:

IcðtÞ ¼ Cdl

dðEc � EaÞ
dt

; ð19Þ

where Cdl is the double-layer capacity. The capacitive

current is modeled in parallel with the charge-transfer

process. Then, the total measured current I(t) can be

modeled as follows:

IfðtÞ ¼ IðtÞ þ IcðtÞ: ð20Þ

The complete model is then given by Eqs. (7) and (18)–

(20). Considering S(t) in (7) is equal to Sðz0; tÞ, and given

Fig. 2 Spatial discretization
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initial conditions of V(0) and Sð0Þ, the complete model is

given by the following equations:

IfðtÞ ¼ KrSðz0; tÞe�aðVðtÞþIðtÞRiÞ � KoeaðVðtÞþIðtÞRiÞ; ð21Þ

dSðtÞ
dt

¼ USðtÞ þ CIfðtÞ; ð22Þ

Sðz0; tÞ ¼ CS; ð23Þ

dðVðtÞ þ IðtÞRiÞ
dt

¼ IfðtÞ � IðtÞ
Cdl

: ð24Þ

The schematic diagram is shown in Fig. 3. Proper simu-

lation of the state variables can be done by solving

numerically the set of model equations with given initial

conditions. It is worth noting that although the constant

bulk concentration case is considered, the model parame-

ters remain the same for batch as well for feed-batch

operation modes and changing only the boundary condi-

tions of diffusion in matrix U as it was described in the

previous subsection.

Electrical analogy for small-signal operation

The output voltage V can be expressed as the sum of two

components, one as a function of the substrate at zero

current, SI¼0, according to the EMF in (9) and the other

taking into account the contribution of the consumed cur-

rent I. To obtain such a decomposition, Eq. (8) can be

rewritten as follows:

S ¼ Ko

Kr
e2aðVþIRxÞ; ð25Þ

where Rx is a dummy resistance obtained by equating (8)

and (25) and taking logarithms on both sides. After some

algebra, the following relationship is obtained:

IRx ¼ IRi þ IfRz; ð26Þ

where

Rz ¼
1

2Ifa
ln 1þ If

Ko
e�aðVþIRiÞ

� �
: ð27Þ

Note that resistances Rx and Rz are functions of the currents

and the potential. Moreover, both Rx and Rz are positive-

definite values, since the currents are always positive.

Taking logarithm on both sides of (25), the following

equality is obtained:

V ¼ Aþ B lnðSÞ � IRx: ð28Þ

Then, it follows that the potential V, for arbitrary values of

current I and substrate concentration S, is obtained by

subtracting the factor IRx to the output of the EMF func-

tion, where S ¼ Sðz0; tÞ. The EMF function can be obtained

experimentally for zero current and different values of

substrate at the steady state.

Consider now the special case in which the substrate has

small deviations from the constant bulk concentration S ¼
�S and the current has small variations around I ¼ �I ¼ 0.

Then, the potential can be well approximated by a pseu-

dolinear function as follows:

V �Vð�S; �IÞ þ oV

oS

����
�S;�I

ðS� �SÞ þ oV

oI

����
�S;�I

ðI � �IÞ

¼Aþ B lnð�SÞ þ B
�S
ðS� �SÞ � IRx � I2

oRx

oI

�Aþ B lnð�SÞ þ B
�S
ðS� �SÞ � IRx:

ð29Þ

where the quadratic term was neglected.

Using a first-order approximation for the diffusion

equations (22) and (23), the expression of the time

derivative for substrate is

dSðz0; tÞ
dt

¼ � aSðz0; tÞ þ a�Sþ bIfðtÞ: ð30Þ

Thus, the complete linear model equations are given by

(24), (26), (29), and (30), which can be rewritten in a

compact form as follows:

dX1

dt
¼ �aX1 þ

bB
�S
If ; ð31Þ

dX2

dt
¼ 1

Cdl

Ic; ð32Þ

V ¼X2 � IRi; ð33Þ

OCV ¼X1 þ X2 þ IfRz; ð34Þ

where

X1 ¼
B
�S
ð�S� SÞ; X2 ¼ V þ IRi;

and OCV ¼ Aþ B lnð�SÞ;

= ( , ) − ( + )

− ( + )

Ri

Ic

If

I V-

̇ = Ф + Г

+

-

+

-Ėa

S(z0,t)

∫
V+I Ri

Fig. 3 MFC model scheme
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which has the electrical analogy shown in Fig. 4.

Materials and methods

Construction

The MFC used in this experimental test has two chambers:

anodic and cathodic, with equal volume of 0.2 L. Both

compartments are built of glass sheets with 0.005 m

thickness. The anode consists of a network formed by a

matrix of 4� 4 equally spaced electrodes of graphite

blocks, each of 0.015 m � 0.008 m � 0.005 m, which is

immersed in the anode chamber. The individual blocks are

connected to a common terminal placed on a polypropy-

lene cover. This scheme provides a total electrode area of

0.00688 m2. For the cathodic chamber, an area of

0.0025 m2 of carbon cloth incorporated with 0.5 mg cm�2

Pt catalyst (E-Tek, NJ) is used. To allow proton conduction

from the anode to cathode, a 0.0028 m2 area of NAFION

membrane is used. The cathodic chamber is continuously

aerated and the MFC is maintained at a temperature of

25� 0:5 	C in a temperature-controlled room.

Medium and inoculum source

Sediment from the shore of the Rı́o Negro river (Patagonia-

Argentina) is used as inoculum. It is obtained at 0.2 mdepth to

assure anaerobic conditions [28]. A feed solution containing

0.5 g L�1 of sodium acetate dissolved in 50 mM phosphorus

buffer solution (Na2HPO4, 4.58 g L�1; Na2PO4 � H2O

2.45 g L�1; NH4Cl 0.31 g L�1; KCl 0.13 g L�1; trace min-

erals and vitamins) [29] is used in the anodic chamber. The

cathodic chamber is filled with a phosphorus buffer solution

following the procedure described in [30].

Start-up and operation

By following the standard start-up procedure [29, 30],

the MFC is filled with pure inoculum for the first cycle. It

operates in a batch mode until the voltage decreases from

the initial value in approximately 10 mV. Then, for the

next two cycles, the liquid of anodic chamber is replaced

with a mixture (50:50) of inoculum and feed solution. To

force a current, an external resistance of 1000X is con-

nected to the electrical terminals of the MFC. In the next

cycles, only the feed solution is used by replacing the

liquid for fresh one every 3 days. At the beginning of each

cycle, cathodic chamber liquid is replaced too. It is con-

sidered that the steady state is reached when repetitive

values of voltage and bacterial concentration are obtained

at each cycle. It was observed that repetitive data of OCV

are obtained approximately after 60 days of operation. The

evolution is depicted in Fig. 5.

Bacterial population is measured periodically. It is

quantified by counting using a Bausch & Lomb Galen

microscope with phase contrast and a Petroff Hausser

camera. Bacteria growing over the anode are sampled from

a face of graphite anode with an area of 3:2� 10�5 m2, and

this is resuspended in 20 mL of a phosphorus buffer

solution. Each measurement consists on averaging three

statistically independent counting. From the measurements,

it is possible to ensure that the biomass in the steady state is

kept constant within 5% of the measurement error. The

mean value obtained is 2:15� 106ðcell mL�1Þ.

Fig. 4 Equivalent circuit

Fig. 5 Start-up of the MFC

Table 2 Parameter interval values obtained from model parameter

estimation

Parameter Min Mean Max Units

Kr 9:62� 104 2:96� 105 4:45� 105 ðmAÞ
Ko 5:85� 10�10 1:8� 10�9 2:7� 10�9 ðmAÞ
Ri 365 624 958 (X)

Cdl 1:75� 10�1 2:94� 10�1 5� 10�1 (F)

a 1� 10�6 2:14� 10�2 5� 10�2 (s�1)

b 1� 10�6 3:13� 10�3 1:47� 10�2 ðmAsÞ�1
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After the steady state is reached, several experiments are

carried out to obtain data for model parameter identifica-

tion and model validation, as is described in the next

subsection. The experimental measurements are carried out

immediately after the liquids of both chambers are

replaced. Each experiment consists of connecting alter-

nately different external resistors between the terminals of

the cell voltage and measure the voltage. Each experiment

lasts 5
 6 ðhsÞ, approximately where the substrate con-

centration keeps constant at c0 ¼ 0:5 g L�1. Power density

is calculated according to P ¼ 1000VI=c; ðmWm�2Þ,
where V ðVÞ is the measured potential, I ðAÞ is the current
density, and c ðm2Þ is the projected surface area of the
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Fig. 6 Experiment 4.

a Measured voltage: V (dashed

line), predicted voltage: V̂ (solid

line), b substrate concentration

on the electrode surface: Ŝðz0; tÞ
(dashed line), capacitive

current: Îc (dashed dot line),

Faradaic current: Îf (solid line)
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anode. Sodium acetate concentration is determined by

titration according to the method proposed by [31].

Parameter identification method

The unknown vector parameters are h ¼ ½Kr;Ri;Cdl; a; b�.
The symmetry factors are given by ao ¼ ar ¼
1:97 10�2 mV�1 [16], and Ko is obtained from (9), where

logðSI¼0Þ ¼ logð�SÞ ¼ 0; because �S ¼ 1 is the maximum

constant concentration for current zero in steady state. Thus,

A ¼ OCV and

Ko ¼ Kre�A=B ¼ Kre�OCV=B ¼ Kre�2 OCVa: ð35Þ

For a given number of slices N, the five remaining

parameters in h are obtained by numerically optimizing the

following quadratic problem:

argmin
h
fQðhÞg; ð36Þ

where the quadratic cost function is given by the following:

QðhÞ ¼ 1

M

XM
i¼1

ðVðiÞ � V̂ði; hÞÞ2

V2ðiÞ ; ð37Þ

where V is the M-data record obtained by regularly sam-

pling the MFC voltage every 10 s and V̂ði; hÞ is the voltage
estimated by the model with parameter h at the same

sampling time. To cover 5 h of the experiment duration,

M ¼ 1800 sampled data is required. The minimization is

carried out using the SIMPLEX numerical optimization

method running in MATLAB [32]. The value of the slices

number N was chosen using the following strategy: starting

with a few slices for the diffusional state-space dis-

cretization, the minimization procedure is repeated by

increasing the number of slices until the cost does not vary

significantly. To avoid local minima, several runs are car-

ried out by starting from different initial values and veri-

fying that the minimum is always the same in the

constrained set of admissible values.

Results and discussion

Numerical parameter estimation

The initial substrate concentration on the anode surface is

equal to 0.5 g L�1, which corresponds to a fractional con-

centration of SðZ0; 0Þ ¼ �S ¼ 1. Eight experiments were

carried out where the voltage between both electrodes was

digitally recorded. Starting in an open circuit, for each

experiment, different current amplitudes were obtained by

connecting an external varying resistive load, Re, between

the electrode terminals. The ohmic resistance ranges in the

interval of Re 2 ½50; 45000�X.
A number of N ¼ 7 slices were used to represent the

diffusional system. In Table 2, the parameter intervals

obtained for the eight experiments are shown. The value of

Ri coincides with those reported in [30] and the double-

layer capacitance obtained per unit of area of the anode is

similar to the values reported by [4].

Among the experimental set of data, Fig. 6 shows a

representative one. Figure 6a shows the measured, V, and

predicted, V̂ði; hÞ, voltages. Figure 6b presents the predic-

tions of acetate concentration at the anode surface Ŝðz0; tÞ,
Faradaic current ÎfðtÞ and capacitive current ÎcðtÞ. It can be

seen from the figures that model predictions are generally

in good accordance with the measured data. The model

satisfactorily predicts both the transient behavior and

steady state at each step change in Re and also at the OCV.

It can be observed that at the beginning of the experiment,

there is a net charge accumulation in the double layer,

which is released when the external load is connected. The

effect of the double-layer capacitance dominates the MFC

dynamics during transient periods, while the Faradaic

current increases gradually until reaching its steady-state

value for the external load used. In Fig. 6b, after the system

relaxes, the steady-state substrate concentration reaches the

bulk concentration and the OCV is the same as at the

beginning of the experiment.

Table 3 �QiðhjÞ obtained with

the cross-validation test
hj ith data record

1 2 3 4 5 6 7 8

1 0.0216 0.0413 0.0459 0.0208 0.02084 0.0311 0.0154 0.0526

2 0.1381 0.0007 0.0031 0.0030 0.0034 0.0053 0.0811 0.0158

3 0.1340 0.0021 0.0011 0.0034 0.0024 0.0069 0.0888 0.0130

4 0.2376 0.0089 0.0082 0.0019 0.0013 0.0016 0.1308 0.0062

5 0.1847 0.0033 0.0018 0.0019 0.0001 0.0035 0.1047 0.0097

6 0.2810 0.0117 0.0137 0.0027 0.0031 0.0007 0.1441 0.0063

7 0.0285 0.0271 0.0270 0.0176 0.0171 0.0267 0.0144 0.0503

8 0.1903 0.2421 0.2852 0.0490 0.2714 0.1030 0.2764 0.0010

�h 0.1328 0.0015 0.0012 0.0028 0.0016 0.0060 0.0764 0.0157

In bold are the elements of the main diagonal to show that they have the lower error value when compared

with the values of the same column
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Model validation

In Table 3, a cross-validation test is depicted. It consists of

evaluating the cost of the ith record using the identified

parameters, hj, from the jth record. From the cross-validation

test, it is observed that the relative error is always lesser than

approximately 28%. In addition, the costs for all the exper-

iments using the mean parameter values, �h, are shown. It can
be seen that for the mean value parameters, the cost for all

experiments is lower than approximately 13%.
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Fig. 7 Measured, P (times

symbol), and estimated, P̂ (solid

line), power density vs current

density. a Predicted power

density of Experiment 3 carried

out with parameter values of

Experiment 4, b predicted

power density of Experiment 5

carried out with parameter

values of Experiment 2
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To perform additional tests for model validation, the

delivered power, P ¼ V2=Re, and the predicted power,

P̂ ¼ V̂2ð�hÞ=Re, versus the current I, at different steady

states, both expressed as density, are compared and

depicted in Fig. 7. The maximum value of power density

obtained is 28.23 mWm�2, with an Re ¼ 676X. This

power density is comparable with values reported by Inoue

et al. [33] (36 mWm�2) who employed a miniaturized

MFC, and higher than the values reported by Ieropoulos

et al. [34], (2.8 mWm�2) who uses a two-chamber MFC.

From the several experiments, it is concluded that the

proposed model adequately represents the main processes

involved in the dynamical behavior of the MFC.

Conclusions

A simple model of the biofilm in an MFC is presented

based on the electrochemical description of the transfer

charge and diffusion processes. The model has only five

parameters, which turns out to be easy for identification

and to be used for real-time applications. The model also

provides the Faradaic and capacitive current from which

the important effect of the double-layer capacitance can be

obtained during the transient. The state variables are the

substrate concentration at different spatial positions in the

biofilm and the potential at the biofilm, which is associated

with the double-layer capacity. A simple second-order

equivalent electrical circuit of the MFC is derived.

Tests using microbial cells from Rı́o Negro river

(Patagonia-Argentina) show that a low-order approxima-

tion of the diffusional process is, indeed, sufficient to

obtain a good model fit. Voltage and power predictions are

in good agreement with the experimental data, which were

obtained using a wide range of external loads.
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Glossary

a ¼ D=Dz2

ar and

ao
Symmetry factors

ar ¼ arF=RT

ao ¼ aoF=RT

a ¼ ar ¼ ao

b ¼ �1=ðFc�cDzNeÞ
c0 Initial substrate concentration

cr Concentration of reduced species at the

electrochemical interface

�cr Maximum acetate concentration

co Concentration of oxidized species at the

electrochemical interface

Cdl Double-layer capacity

D Effective diffusion coefficient

Dz Thickness of the slice

Ec Constant cathode potential

Ea Anode potential

Eo
a Anode reference potential

EMF Electromotive force

F Faraday constant

c Biofilm area

I Total current

Ic Double-layer current

If Faradaic current.

J(z, t) Flux of the substrate in the biofilm at time t and

spatial position z

Kr Constant rate of reduced species

Ko Constant rate of oxidized species

Mox Oxidized mediator

Mred Reduced mediator

g Anodic overpotential

N Number of slices

Ne Electron-mol/acetate-mol ratio

OCV Open Circuit Voltage

R Universal gas constant

Re External load

Ri Ohmic resistance

Rx Dummy resistance

Rx Dummy resistance

S Fractional substrate concentration at the

interface

S(z, t) Fractional substrate concentration in the biofilm

at time t and spatial position z

Sðz0; tÞ Fractional substrate concentration in the biofilm

at time t and spatial position z ¼ 0

SI¼0 Fractional substrate concentration at zero

current
�S Constant substrate concentration in the bulk
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T Temperature

V Potential between the terminals of both

electrodes
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