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Abstract 

This work describes experiments and computational simulations to analyze single chamber, air 

cathode microbial fuel cell (MFC) performance and cathodic limitations in terms of current 

generation, power output, mass transport, biomass competition, and biofilm growth. Steady-state 

and transient cathode models were developed and experimentally validated. Two cathode gas 

mixtures were used to explore oxygen transport in the cathode: the MFCs exposed to a helium-

oxygen mixture (heliox) produced higher current and power output than the group of MFCs 

exposed to air or a nitrogen-oxygen mixture (nitrox), indicating a dependence on gas-phase 

transport in the cathode. Multi-substance transport, biological reactions, and electrochemical 

reactions in a multi-layer and multi-biomass cathode biofilm were also simulated in a transient 

model. The transient model described biofilm growth over 15 days while providing insight into 

mass transport and cathodic dissolved species concentration profiles during biofilm growth. 

Simulation results predict that the dissolved oxygen content and diffusion in the cathode are key 

parameters affecting the power output of the air-cathode MFC system, with greater oxygen content 

in the cathode resulting in increased power output and fully-matured biomass. 

Keywords: 

Microbial fuel cell; computational simulation; oxygen transport; cathodic biofilm growth; 

transient model. 
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1. Introduction 

      Sustainable energy for future energy security intersects with wastewater treatment in microbial 

fuel cells (MFCs). MFCs incorporate electrochemical and biological reactions to produce 

electricity during the treatment of wastewater, traditionally an energy-consuming process. This 

operation is enabled by exoelectrogens, biomass able to transport electrons outside their cell walls 

[1]. Despite the conceptual promise of MFCs, low relative power output per active area [2] and 

use of expensive catalysts on the cathode continue to prevent them from being economically 

competitive with traditional treatment strategies. Thus, current efforts typically focus on improving 

the power density of MFCs or identifying better materials to reduce system costs. Fig. 1 a) 

illustrates the single chamber air-cathode MFC reactor that improves system economy by 

excluding an expensive polymer electrolyte to separate the anode and cathode. In addition to lower 

cost, the single chamber MFC benefits from reduced internal resistance [3], enabling improved 

performance. On the anode side, the exoelectrogenic biomass form a biofilm directly on the 

electrode material, providing electrical contact with the external circuit. The cathode is exposed to 

the atmosphere, allowing an oxygen supply for the oxygen reduction reaction (ORR) which 

consumes electrons generated in the anode.  

      Recent research efforts have identified the cathode as the limiting component of certain MFC 

designs, affecting biomass growth and electrochemical reactions throughout the reactor [3-7]. 

Performance loss in these can be separated into three types of overpotential: kinetic activation loss, 

ohmic loss, and mass transport loss [3]. Oxygen transport limitations have become increasingly 

prominent with continued advances in MFC performance and are thus of greater interest [8]. The 

results of Santoro et al.’s experiments showed that cathodic structure affects performance and 

power output in MFC reactor [7]. The cathode structure that incorporated a  
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Figure 1. a)  Schematic of single chamber air-cathode MFC reactor; b) Exploded schematic of 

the cathode-side structure; c) Scanning electron microscope (SEM) picture for MFC cathodic 

materials.  

c) 
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microporous layer inserted between the catalyst layer and the diffusion layer exhibited low water 

loss, high power generation and efficient contaminant removal [7]. Additionally, experiments have 

shown that the cathodic biofilm can accept electrons directly from the cathode, which positively 

affects the MFC cathode [9]. In addition to participating in the passage of electrical current, the 

cathode biofilm also consumes oxygen before it can reach the anode. Previous steady state cathode 

simulations predict that the biocatalyst contributes approximately 9 % of cell power production 

while the metal catalyst contributes approximately 91 % of the power in the single chamber air-

cathode MFC reactor [10, 11]. 

      Computational simulations of electrochemical reactions and biomass growth processes have 

offered insight into the limiting processes that occur in MFCs. The first component of this work 

was the development of a steady state model for the cathode in an air-cathode MFC reactor, 

specifically to simulate the cathodic mass transport, power generation, and polarization curves 

with varying external resistors. Experimental work indicated that the amount and flux of oxygen 

in the cathode strongly affects MFC performance, thus the experimental and simulation results 

were compared to explore the oxygen transport mechanism in the cathode. In the steady state 

model, the distribution and the amount of gaseous oxygen, dissolved oxygen and the associated 

current densities are calculated; additionally, the concentrations of other species (nitrogen, helium, 

oxygen, acetate, hydroxide etc.) in the cathode are considered. A one-dimensional transient model 

for the single chamber MFC was also developed; this model focused on the dynamic changes for 

mixed cultures of attached and suspended biomass, cathodic biofilm, and mass transport in both 

the cathode and bulk liquid. Because the cathode can be considered a transition region from an 

aerobic to an anaerobic environment, the microbial composition of the cathode biofilm is complex 

and contains at least three components: active biomass of a mixture of cultures, inert biomass, and 
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extracellular polymeric substance (EPS) which significantly influences biofilm electron 

conductivity. The EPS of the biofilm matrix encases the biofilm cells, anchors them to the 

electrode, and also houses electroactive components of the biofilm matrix [12]. This work 

considers the competition that occurs in the cathode biofilm during the transient growth phase and 

the influence of mass transport on other processes in the reactor. 

2. Model Formulation 

      The goal of this modeling effort and related experiments is to describe and analyze the 

relationship among several factors, to identify the dominant factors which influence COD 

degradation and power output, and to gain insight that can lead to an improved design of the MFC. 

This model was focused on both steady-state and transient cathode behavior, specifically mass 

transport and its effects on MFC performance and microbial growth. 

2.1. Cathode Structure and Domains 

      The MFC physical structure had dimensions of 4 cm diameter × 4 cm length from the air 

interface on the cathode to the current collector on the anode; Fig. 1 a) is the single chamber cube 

reactor, and Fig. 1 b) shows the cathode structure. The MFC cathode properties have significant 

effects on power generation, thus the materials and structure are of great interest [7]. In this study, 

the MFC reactor is composed of several layers, described from the air side to the anaerobic anode: 

a hydrophobic PTFE layer for water management, hydrophilic carbon cloth that is saturated with 

growth medium, and the Pt/C catalyst layer where the ORR occurs. The PTFE layer is relatively 

dense and hydrophobic, which does not allow significant liquid water accumulation under normal 

operating conditions. The carbon cloth layer is irregularly composed of porous, reticulated carbon 

fibers, enabling diffusion of dissolved species and conduction of electrons. The Pt/C catalyst layer 
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is comprised of agglomerates of catalyst nanoparticles anchored on carbon microparticles with 

high tortuosity and porosity. The cathode biofilm is assumed to be uniformly attached to the 

catalyst layer. A representative scanning electron micrograph of the layered cathode is shown in 

Fig. 1 c). 

      Based on the physical structure of the cathode materials, the cathodic modeling domains were 

divided into 6 regions: the PTFE layer, the carbon cloth, the Pt/C catalyst layer, the cathodic 

biofilm, a diffusion boundary layer bordering the bulk liquid, and the bulk liquid. The carbon cloth 

and Pt/C catalyst layers are both saturated with liquid in normal operating conditions. The cathode 

biofilm competes with the microbial anode for the carbon source, resulting in a negative impact 

on MFC performance; however, the cathode biofilm also consumes oxygen, minimizing the 

infiltration and crossover of oxygen to the anode, resulting in a net positive effect on cell 

performance. The cathode biofilm is actually composed of two broad populations – autotrophic 

aerobic biomass (AAB) and heterotrophic aerobic biomass (HAB). The AAB receives electrons 

directly from the electrode while consuming oxygen; the HAB consumes the carbon source (such 

as acetate) in competition with the anode while also consuming oxygen. 

2.2. Experiments 

      Experiments were conducted on cubic MFCs [2] with a gas sparging chamber (14 mL volume). 

The anode material was a graphite fiber brush, 25 mm long and 25mm diameter. The fiber type 

was PANEX (33 160 K, ZOLTEK). The anode brush was heat treated at 450 °C for 30 min [13, 

14]. The cathodes consisted of four layers of PTFE, whose preparation is described elsewhere [5]. 

All reactors were inoculated with a stable power production MFC culture and were fed a growth 

medium described in Ren et. al. [15]. In order to study the effect of oxygen transport on power 
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generation of MFCs, the performance of heliox- (21 % oxygen, 79 % helium), nitrox- (21 % 

oxygen, 79 % nitrogen), and laboratory air-supplied reactors were compared. During the 

experiments, the gas flow rate past the cathode was reduced from 5 L/h to 2 L/h to study mass 

transport limitations [16]. Polarization and power density results were obtained by using different 

external resistances at 20-minute intervals with voltage (Vcell) measured by a Keithley 2700 Digital 

Multimeter. Electrochemical impedance spectroscopy (EIS) and linear sweep voltammetry (LSV) 

were performed with a potentiostat (BioLogic VMP3) and compared to a Ag/AgCl reference 

electrode (BASi). 

2.3. Model assumptions 

      Steady state model: In an effort to focus on changes in the cathode, this simulation utilized 

fixed bulk liquid acetate concentration (cAc = 800 mg/L) and pH (pH = 7.08). The bulk liquid, in 

practice, includes a buffer to maintain the bulk liquid pH, supporting this assumption. In addition 

to an unchanging bulk liquid environment, the cathode biofilm was assumed to be fully grown, 

meaning that the biofilm thickness and biomass concentration were constant. Additionally, the 

biofilm detachment rate and attachment rate were balanced. Because polarization curves with an 

experimental MFC were conducted with external resistors, the model simulated the 

electrochemical parameters using external resistance as the control variable. Oxygen diffusing into 

the PTFE layer was considered in the gas-phase only since liquid water is excluded from this 

region due to high hydrophobicity. Upon crossing the boundary between the PTFE layer and the 

carbon cloth, oxygen dissolved in the liquid in the carbon cloth according to Henry’s law. In the 

experimental work, a significant difference in MFC performance was observed when helium-

oxygen and nitrogen-oxygen (heliox and nitrox, respectively) gas mixtures were used at the 

cathode instead of air [16]. Since dissolved oxygen depends only on the gas-phase partial pressure 
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of oxygen, this difference in performance indicated that gas was present in the carbon cloth and 

catalyst layers; this behavior is considered here. 

      Transient state model: Cathode biofilm growth, competition between two biomass metabolic 

cultures, and the mass transport changes in both bulk liquid and cathode over 15 days are described 

in the transient model. The domains, primary boundary conditions, and the initial values in this 

model are shown in Fig. 2 a). The initial growth medium conditions were similar to the steady 

state model in which the acetate concentration was 800 mg/L and the pH was 7.08. The cathode 

(except the PTFE layer) was initially assumed to be fully saturated, allowing oxygen to dissolve 

into and through the liquid. The oxygen reduction reaction (ORR) occurred at the platinum catalyst 

and within the biofilm. Although the EPS was not specifically considered in the biofilm simulation, 

the fraction of EPS in the biofilm was used to correct the biofilm porosity. To simulate the 

experimental procedure of refreshing the growth medium, the bulk liquid was assumed to be reset 

to initial conditions every 2 days. The suspended biomass growth and its effects were also 

considered in this model, including the interface and exchange between the bulk liquid and cathode 

biofilm. Since the bulk liquid was reset every 48 hours, the suspended biomass concentration also 

reverted to the initial amount, shown in Table 1. 

2.2. Model reactions analysis 

      The cathode was comprised of multiple layers, each with distinct physical properties, and each 

layer was assumed to have discrete boundaries; such an assumption was employed to greatly 

simplify the less-defined interfaces between cathode layers in a real MFC cathode. The cathode 

reactions were assumed to all occur either in the catalyst layer or biofilm. Because AAB were 

present in the cathode biofilm as well as a metallic catalyst, electron distribution between  
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Figure 2. a) Major assumptions in the cathode side structure for the transient model; b) 

Schematic of boundary between two layers; c) Hybrid step times for the chemical substance and 

biofilm growth calculation in model.  

a) 

b) 

c) 
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the two sinks were included in the model. The ORR in the catalyst layer is purely electrochemical 

and it was assumed that no free cations participated in the ORR reaction. The expected ORR on 

platinum is production of hydroxyl from oxygen and water [6]: 

0.25O2 + e− + 0.5H2O → OH−                                             (1) 

      Marcus et al. [17] systematically analyzed the double Monod equation and established the 

overpotential-substrate double Monod equation. This relationship was used to describe the reaction 

rate calculations in both the catalyst layer and cathode biofilm. Eqn. (2) gives the oxygen reaction 

rate in the catalyst layer: 

rO2,cl = −qO2, max
cO2

KO2+cO2

1

1+exp(−
F

RT
ηact+

F

RT
ηK)

                                     (2) 

where rO2,cl is oxygen reaction rate in the catalyst layer (mg/L∙s), qO2,max is the maximum specific 

rate of oxygen consumption (mg O2/L∙s), cO2 is the oxygen concentration (mg/L), KO2 is the half-

max-rate oxygen concentration (mg/L), ηact is the cathode activation overpotential (mV), ηK is the 

cathode half-max overpotential (mV), F is the Faraday constant, T is the temperature, and R is the 

ideal gas constant. Hydroxide production rate can also be derived from rO2,cl: 

rOH,cl = −4
rO2,cl

MO2

× 0.001
g

mg
                                                 (3) 

where rO2,cl is the hydroxide production rate (mg/L·s), and MO2 is the oxygen molar mass (g/mol). 

      In the cathode, the AAB growth rate is assumed to be dependent on O2 concentration. The 

cathode serves as the electron donor, thus there is no donor reaction specified for the AAB. The 

AAB is considered a biocatalyst and competes with the metal catalyst to accept electrons [9]; 

however, the AAB electron consumption is less than 10 % of the metal catalyst rate [10].  In 

addition,  the method of accepting electrons for the  AAB is still unknown [3]. In the transient 

model, the initial percentage of AAB in the biofilm was assumed to be 15 % and was allowed to 
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change with the biofilm growth.  In the steady-state model, it was assumed that the AAB 

concentration percentage is at 15 %. Eqn. (4) shows the biomass cell synthesis reaction in biofilm: 

1

5
CO2 +

1

20
HCO3

− +
1

20
NH4

+ +
11

20
H2O + e− →

1

20
C5H7O2N + OH−                (4) 

Eqn. (5) gives the oxygen reaction rate calculation: 

rO2,AAB = −qO2, AABmaxXAAB
cO2

KO2,AAB+cO2

1

1+exp(−
F

RT
ηact+

F

RT
ηK)

                          (5) 

where rO2,AAB is AAB oxygen reaction rate (mg/L∙s), 𝑞𝑂2,𝐴𝐴𝐵𝑚𝑎𝑥 is AAB maximum specific rate 

of oxygen consumption (mg O2/mg AAB∙s), XAAB is the AAB concentration (mg/L). Other 

reaction rates can be calculated from rO2,AAB: 

rOH,AAB = −YOH
rO2,AAB

MOH
                                                     (6) 

rAAB = −YAABrO2,AAB − bdecayXAAB                                         (7) 

where rOH,AAB is the hydroxide reaction rate (mM/s) from AAB, YOH is the hydroxide yield (mol 

OH-/mol O2), rAAB is the AAB reaction rate (mg/L∙s), YAAB is the biomass yield (mg AAB/mg O2), 

bdecay is the decay rate (s-1), and XAAB is the AAB concentration in biofilm (mg/L). 

      The AAB are a relatively small population of biomass compared to the HAB that are present 

in the cathode. Eqn. (8) gives the reaction for acetate oxidization by the HAB. The electrons are 

utilized for biomass synthesis as well as endogenous respiration; the biomass synthesis reaction 

is shown in Eqn. (4). 

1

8
CH3COO

− +
3

8
H2O →

1

8
CO2 +

1

8
HCO3

− + H+ + e−                                (8) 

      The utilization of acetate by the HAB is affected by the biomass concentration as well as acetate 

and oxygen concentrations. The equation for acetate reaction rate, based on the double Monod 
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equation, is shown in Eqn. (9). Eqn. (10) gives the equation for HAB acetate consumption rate and 

Eqn. (11) gives HAB net growth rate (the sum of HAB gross growth rate and decay rate): 

rAc,HAB = −qAc, HABmaxXHAB
cO2

KO2,AAB+cO2

cAc

KAc,AAB+cAc

1

1+exp(−
F

RT
ηact+

F

RT
ηK)

                (9) 

rO2,HAB = −YO2,HABrAc,HAB                                               (10) 

rHAB = −YHABrAc,HAB − bdecayXHAB                                       (11) 

where rAc,HAB is HAB acetate reaction rate (mg/L∙s), qAc,HABmax is HAB maximum specific rate of 

acetate consumption (mg Ac/mg HAB∙s), XHAB is the HAB concentration (mg/L). rO2,HAB is the 

oxygen reaction rate (mg/L∙s) by HAB, YO2,HAB is the oxygen reaction rate (mg O2/mg Ac), rHAB 

is the HAB reaction rate (mg/ L∙s), YAAB is the biomass yield (mg HAB/mg Ac). 

2.3. Model mass balance 

      In the air-cathode MFC reactor, oxygen diffuses from air through the cathode structure into 

bulk liquid in both gas and liquid phases. Henry’s law, shown in Eqn. (12), is used to describe the 

equilibrium between dissolved oxygen and gaseous oxygen at the PTFE-carbon cloth interface 

[18]. 

HO2,cc =
cO2,gas

cO2,aq
                                                           (12) 

where cO2.aq is the concentration of dissolved oxygen (mg/L), cO2,gas is the concentration of gaseous 

oxygen (mg/L), and HO2,cc is the Henry’s law constant (dimensionless). 

      For mass transport in the cathode, a transient mass balance is the basis for both steady state and 

transient state models, as shown in Eqn. (13): 

∂ci

∂t
= Di

∂2ci

∂x2
+ ri                                                        (13) 
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where i is a dissolved species in the cathode, ci is the concentration of species i, Di is the effective 

diffusion coefficient, and ri is the reaction rate of species i for each mobile species. 

The explicit finite volume method was used as the computational method for the modeling 

calculations. Concentrations are calculated at discrete control volumes on a meshed layer. Eqn. 

(13) can be approximated, as shown in Eqn. (14): 

ck
n+1 = ck

n +
∆t

∆x
D(Fk−1 2⁄

n − Fk+1 2⁄
n ) + rk

n,     k = 1 ,  2,⋯ ,  M                     (14) 

where k is the sequence number for the control volume, n is the iteration, Δt is the step time, Δx is 

the length of the control volume, F is mass flux, and M is the total number of the control volume. 

Because each species diffuses from layer to layer, the concentration calculation must be solved 

between each layer. As shown in Fig. 2 b), the concentration flux at a control volume boundary 

can be calculated as shown in Eqns. (15) and (16). 

Fleft
n = D1

cb
n−cM1

n

∆x1
                                                      (15) 

Fright
n = D2

cM1+1
n −cb

n

∆x2
                                                     (16) 

where cb is the boundary concentration, M1 is the serial number of a control volume, and Δx1 and 

Δx2 are the length of control volumes in Layer 1 and Layer 2. Since mass is conserved, the flux at 

the boundaries does not change. Therefore the equations for calculating concentration as well as 

boundary flux can be shown in Eqns. (17) and (18). 

cb
n =

∆x2D1cM1
n +∆x1D2cM1+1

n

∆x1D2+∆x2D1
                                                     (17) 

F
M1+

1

2

n = Fleft
n = Fright

n = −D2
cM1+1
n −cb

n

1

2
∆x2

                                         (18) 

2.4. Model electron balance 
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      Electron transfer in the biofilm has been extensively investigated, yielding several theories to 

describe the mechanisms by which electrons are transferred from the microbes to an electrode; 

these include chemical shuttles produced by microorganisms, protein nanowires, and chemically 

active redox enzymes added from an external source [19]. Recent research has considered the 

conductivity of the biofilm itself found at the anode and cathode [17, 20, 21]. Despite uncertainty 

regarding the mechanism for electron transfer in the biofilm, the cathode current can be simulated 

based on the electrochemical equations for the cathode biofilm and cathode catalyst layer, as 

shown in Eqns. (19) and (20).  

0 =
∂icl

∂x
+

γclFrO2,cl

MO2
                                                    (19) 

0 =
∂ibio

∂x
+

γbioFrO2,AAB

MO2
                                                (20) 

where i is the current density (A/m2), γ is the electron equivalence (mol e-/mol O2). The total 

current is the sum of the current density in the biofilm and catalyst layers, as shown in Eqn. (21). 

I = (∫ icldx + ∫ ibiodx)Sarea                                           (21) 

where, I is the current from the external circuit into the cathode and Sarea is the geometric cathode 

area (m2). 

      In experiments, the microbial fuel cell was connected to an external resistance (Rext), and the 

cell voltage was calculated based on Eqn. (22) when the current was measured for a particular 

resistor. 

Vcell = IRext                                                             (22) 

      It is noted that, due to voltage losses, the actual voltage measured for an MFC is less than the 

theoretical value at open circuit and any operating current. The voltage losses are roughly divided 

into activation overpotential ηact, concentration overpotential ηcon, and ohmic overpotential ηohm. 
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These three overpotentials dominate at different current densities: activation overpotential in the 

low-current region, ohmic overpotential at moderate cell current, and concentration overpotential 

at the highest current densities achieved by a system [18]. In an MFC, the operating voltage can 

be described as the departure from equilibrium voltage caused by the various overpotentials: 

Vcell = (EC
0 − |ηC,act| − |ηC,con|) − (EA

0 + |ηA,act| + |ηA,con|) − |ηohm|          (23) 

where EC
0 is the cathode equilibrium voltage (𝑚𝑉), EA

0 is the anode equilibrium voltage (mV). 

The ohmic overpotential is calculated by Eqn. (24). 

|ηohm| = I(RA + RBL + RC)                                         (24) 

where RA is the electronic resistance of the anode, RBL is the ionic resistance of bulk liquid, and 

RC is the electronic resistance of cathode. Development of a concentration gradient, when 

electrochemical current is comparable to mass transport rate, leads to concentration overpotential 

[18], described in Eqn. (25). 

 ηcon =
RT

4F
ln (1 −

i

io,C
)                                                   (25) 

where i0,C is the limiting cathode current density [18]. 

      Because this work only simulated the cathode in a MFC reactor, experimental anode potentials 

were used as EA in the Eqn. (26). 

EA = EA
0 − |ηA,act| − |ηA,con| − IRA                                   (26) 

By combining Eqns. (22) and (23), activation overpotential in the cathode can be described as a 

function of current and equilibrium potentials. 

|ηC,act| = EC
0 − I(Rext + Rbl + RC) −

RT

4F
lg (1 −

i

io,C
) − EA                    (27) 

      The above equations were used to simulate the air cathode MFC, written in C++ then 

implemented on a Linux system on the Newton – a high performance computer at the University 



Final Manuscript Version 

18 
 

of Tennessee. Both electrochemical and biochemical reactions were defined based on their 

stoichiometry and rate parameters developed in previous work [10].  

2.5. Model Strategies 

      In the steady state model, external resistance was the controlling parameter used to calculate 

all other results. The simulation time required to obtain the concentration of dissolved species in 

the cathode and current generation as a function of external resistance was 40 ~ 60 mins. In the 

transient simulation, the concentration distribution was simulated in both the cathode and bulk 

liquid; the biofilm density and suspended biomass growth were both simulated. The transient 

model simulated 15 days of MFC operations, requiring approximately 18 hours of computational 

time. In order to enable the simulation in a reasonable time (<24 hours), OpenMP with variable 

time scale optimization was utilized. 

      OpenMP is a parallel computation method that utilizes multiple computational threads 

simultaneously. Although OpenMP has shared memory, it can only successfully use multiple 

threads when each thread calculation is independent of the calculations occurring on other threads. 

One advantage of OpenMP is that it avoids message transfer in different, separated memories and 

simplifies the coding design [22]. Because of these features, OpenMP was applied to the transient 

model. In the substance concentration calculation, the reaction rate for different substances in the 

MFC reactor were computed separately in different threads and the mass transport calculation for 

different substances was also distributed across several threads for calculation. 

      The MFC reactions and transport processes occur at very different time scales [23]; 

consideration of the time scales in the transient cathode model was helpful to increase 

computational efficiency. The order of magnitude of the characteristic times for molecular 
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diffusive transport, biomass growth, biomass decay, and detachment are presented in the Table 1. 

The magnitude of the diffusion coefficients in liquid are in the range of 10-9 - 10-11, while the 

magnitude of the biofilm detachment coefficient was 10-2. The processes that impact the biofilm 

thickness are much slower than the mass transport of chemical substances [24]. If there is only one 

time scale in the transient model, the smallest chemical time scale must be satisfied [25], 

determined by the calculation shown in Eqn. (28). 

∆t = γ
∆x𝑚𝑖𝑛

2

2Dmax
                                                        (28) 

where Δt is the simulation step time (s), γ = 0.95 which is the convergence factor (dimensionless), 

Δxmin is the smallest control volume in the model (m), and Dmax is the largest diffusion coefficient 

(m2/s). Because the biomass density and biofilm growth components change relatively slowly, 

they do not need to be computed in every time step associated with transport or chemical reaction. 

Therefore, the biofilm growth time step (Δtbio) was adopted in the algorithm. As shown in Fig. 2 

c), biofilm growth computation wasn’t executed unless Δtbio was exceeded. The biofilm step time 

was assumed to be 5 mins in the simulation. By incorporating OpenMP and the separate 

chemical/biological time scales into the cathodic transient model, computational time was reduced 

from days to hours. 
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Table 1. Model parameters for cathode simulation. 

Name Description Values Unit 

bdecay Biomass decay rate a 3.00×10-6 1/s 

cAc,0 Initial Concentration, sodium acetate b 800 mg/L 

cO2,g 

Boundary concentration, gaseous 

oxygen b 237.66 mg/L 

cO2,ref 

Reference concentration in reactor, 

oxygen 3.79 mg/L 

DAc,liq Diffusion coefficient in liquid, acetate c 1.21 × 10-9 m2/s 

Dbio,liq Diffusion coefficient in liquid, biomass 1.50 × 10-11 m2/s 

DOH,liq 

Diffusion coefficient in liquid, 

hydroxide d 4.59 × 10-9 m2/s 

DO2-He MS diffusivity, O2-He component c 8.60 × 10-5 m2/s 

DO2-N2 MS diffusivity, O2-N2 component c 2.30 × 10-5 m2/s 

DO2,liq Diffusion coefficient in liquid, oxygen c 2.10 × 10-9 m2/s 

EC
0 Cathode equilibrium voltage c 552 mV 

F Faraday constant c 96485 C/mol 

HN2 Henry constant, nitrogen c 1.66 × 105 J/mol 

HO2 Henry constant, oxygen e 7.79 × 104 J/mol 

ilim Limit current density 2.5 A/m2 

kdet Biofilm detachment coefficient 1.00 × 10-2 g/m4∙s 

KAcH 

Half-max-rate acetate concentration, 

heterotrophic biomass 150 mg/mol 
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KO2 

Half-max-rate oxygen concentration in 

cathode 0.128 mg/L 

KO2A 

Half-max-rate oxygen concentration, 

autotrophic biomass 1.28 mg/L 

KO2H 

Half-max-rate oxygen concentration, 

heterotrophic biomass 1.28 mg/L 

Lbio Initial length, cathode biofilm 0.01 mm 

Lbl Length, bulk liquid c 39.0 mm 

Lbdl Length, boundary diffusion layer c 0.5 mm 

Lcc Length, carbon cloth c 0.18 mm 

Lcl Length, Pt/C catalyst layer c 0.032 mm 

Lpdl length, PTFE diffusion layer c 0.023 mm 

pH0 pH in bulk liquid 7.08 \ 

P0 Gas pressure c 1.01 × 105 Pa 

qmax.AcH 

Maximum specific rate of acetate 

utilization f 5.56 × 10-5 (mg Ac)/(mg HAB∙s) 

qmax.Acsus 

Maximum specific rate of acetate 

utilization 5.56 × 10-6 (mg Ac)/(mg SUS∙s) 

qmax.O2 

Maximum specific rate of oxygen 

utilization 1.46 × 10-7 g/L∙s 

qmax.AcA 

Maximum specific rate of oxygen 

utilization, autotrophic biomass 8.64 × 10-6 (mg O2)/(mg AAB∙s) 

R Gas constant 8.314 J/mol∙K 
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Scathode Cathode's cross sectional area in MFC c  7.07 × 10-4 m2 

T Temperature 303.15 K 

Xbio0 

Initial concentration in biofilm, total 

biomass 3.0 g/L 

Xsus0 

Initial suspended concentration in liquid, 

total biomass 0.005 g/L 

εbio Porosity, biofilm 0.95 \ 

εcc Porosity, carbon cloth c 0.75 \ 

εcl Porosity, Pt/C catalyst layer c 0.30 \ 

εpdl Porosity, PTFE diffusion layers 0.10 \ 

ηK Cathode half-max overpotential 240.028 mV 

ρbl Density, bulk liquid c 1.05 g/cm3 

ρbio Density, bacteria 1.54 g/cm3 

σ Mass fraction of HAB in biofilm 0.85 \ 

σbio Conductivity, cathode biofilm 0.1 S/m 

σbl Conductivity, bulk liquid c 0.755 S/m 

σcc Conductivity, carbon cloth 1.00 × 105 S/m 

σcl Conductivity, Pt/C catalyst layer 1.00 × 103 S/m 

 Values for the other model parameters were assumed based on common practical experience. 

a from Reference [26]. 

b from experimental data. 

c from Reference [27]. 

d from Reference [28]. 
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e from Reference [18]. 

f from Reference [29]. 
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3. Model results and evaluation 

3.1. Comparison of the performance of nitrox and heliox as the gas source for air cathode MFC 

system 

      Experimental polarization and power density curves were compared for different cathode 

atmospheres as shown in Fig. 3 a) [16]. The same flow of nitrox (composed of 79 % N2 and 21 % 

O2) and heliox (composed of 79 % He and 21 % O2) was employed. The gas flows for both nitrox-

fed and heliox-fed reactors were controlled to result in identical gaseous oxygen concentration 

(cO2,g) on the MFC cathode surface, as assumed in Table 1. As shown in Fig. 3, the heliox-fed 

reactor produced slightly more power than the nitrox-fed MFC reactor. The air-fed reactor was 

passively exposed to air, thus the markedly higher power density yielded by the nitrox/heliox 

reactors is predominately due to higher gas pressure and improved mass transport; in addition to 

greater power density, the nitrox/heliox performance was more stable than the passive air reactor. 

The maximum power density produced by the heliox MFC was 1320 ± 50 mW/m2 at 75 Ω external 

resistance, while the nitrox-fed MFC reached a maximum power of 1280 ± 50 mW/m2, and the 

air-fed MFC showed the lowest maximum power at 1050 ± 40 mW/m2. The maximum difference 

in power density between heliox and nitrox was 95 W/m2 at 50 Ω external resistance. Comparing 

the power density curves, the maximum percentage difference is 9.0 %. In all cases, individual 

electrode potentials were recorded against a reference electrode; the cathode overpotential was 

always much greater than the anode overpotential. 

      While the performance difference between the nitrox-fed reactor and heliox-fed reactor was 

small in experiments, it was also consistent and reproducible. A possible explanation is that oxygen 

transport and reactions under these two different mixture gases is slightly different. The diffusion 
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coefficient of oxygen is 8.6 × 10-5 m2/s in helium at the experimental conditions, compared to 2.3 

× 10-5 m2/s in nitrogen, which allows oxygen to diffuse more rapidly into the  

 

Figure 3.  Experimental results for nitrox-fed, heliox-fed and air-fed MFCs: a) power density 

curves; b) polarization curves; steady state simulation results for nitrox-fed, and heliox-fed 

MFCs: c) power density curves; d) polarization curves. 

 

  

Experiment data Simulation data 
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gas phase in the cathode, enabling a small performance gain over nitrox. The calculation of binary 

gas-phase diffusion coefficients is shown in Eqn. (29), 

D12 (
m2

s
) =

a

P
(

T

√T1T2
)
b

(P1P2)
1 3⁄ (T1T2)

5 12⁄ (
1

M1
+

1

M2
)
1 2⁄

                       (29) 

where, D12 is the diffusion coefficient of species 1 into species 2, temperature T is in Kelvin and 

pressure P is in atmosphere. For a nonpolar gas pair, a and b are 2.745 × 10-8 and 1.823, 

respectively [30]. Diffusion of oxygen into the liquid that floods the carbon cloth does not account 

for the observed performance difference; however, inclusion of a small volume of gas in the 

mostly-flooded cathode layer provides enough oxygen to support the results observed. To achieve 

the performance difference between nitrox and heliox observed experimentally, the simulated 

carbon cloth layer required 3 % gas phase and the catalyst included 1 % gas phase by volume. 

      In the cathodic steady state simulation, it was assumed that there were three phases in the 

diffusion media (carbon cloth domain and Pt/C catalyst domain): solid (carbon cloth), liquid 

(growth medium) and gas (air, heliox, or nitrox). The cathode structure and compression define 

the porosity of the diffusion media. It was assumed that the oxygen is only gas phase in PTFE 

domain. Oxygen was assumed to be able to diffuse in both the liquid and gas, noting that all oxygen 

was able to be fully dissolved at the carbon cloth – Pt/C layer interface. The 1-D diffusion equation 

in the carbon cloth is shown in Eqn. (30) [31]. 

θ
∂cliq

∂t
+ av

∂cgas

∂t
= ∇2Dliqcliq + ∇2Dgascgas                                  (30) 

where θ is the liquid pore fraction in the carbon cloth (dimensionless), av is the gas pore fraction 

in the carbon cloth (dimensionless), cgas and Dgas are the oxygen gas phase concentration (mol/m3) 

and effective diffusion coefficient (mol/m2∙s), and cliq and Dliq are the oxygen liquid phase 

concentration (mol/m3) and effective diffusion coefficient (mol/m2∙s), respectively. The gas 
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effective diffusion coefficient and liquid effective diffusion coefficient can be calculated as shown 

in Eqns. (31) and (32). 

Dliq = θπLDL                                                           (31) 

Dgas = avπGDG                                                         (32) 

where πL and πG are the liquid and gas tortuosity (dimensionless), DL and DG are the liquid and 

gas diffusion coefficients (mol/m2∙s). Eqn. (12) can be substituted into Eqn. (30), yielding Eqn. 

(33). 

(θ +
av

Hi
)
∂cliq

∂t
= ∇2 (DL +

DG

Hi
) cliq                                           (33) 

Then, Eqns. (31) and (32) can be substituted into Eqn. (33) to obtain Eqn. (34), which described 

oxygen mass transport in the cathode. 

(θ +
av

Hi
)
∂cL

∂t
= ∇2 (θπLDL +

avπGDG

Hi
) cL                                    (34) 

      The cathodic steady state model was evaluated at external resistances of: 10 Ω, 50 Ω, 75 Ω, 

100 Ω, 150 Ω, 200 Ω, 500 Ω, and 1000 Ω. The measured anodic potentials for the external 

resistance settings are presented in Table 2. With the above considerations regarding oxygen 

diffusivity in nitrogen and helium, simulated power density and polarization curves are shown in 

Fig. 3 c) and d). The simulated maximum power density produced by the heliox reactor is 1314 

mW/m2 at 75 Ω external resistance, while the nitrox reactor achieves a maximum power of 1269 

mW/m2 at 75 Ω external resistance. The simulated maximum difference in power density is 45 

mW/m2 at 50 Ω external resistance. Comparing the simulated power density curves, the maximum 

percentage difference is 3.6 %. The simulation results in Fig. 3 c) and d) show that the simulation 

results accurately describe experimental data in both power density and cathode potentials. It is 

noted that the two simulated power density curves for nitrox and heliox are slightly closer to each 



Final Manuscript Version 

28 
 

other than they were in the experiments, but this difference is relatively small and within 

experimental error. 

      In addition to the electrochemical results, the distribution of species such as hydroxide in the 

cathode was simulated in the steady state model to shed light on the ORR. Fig. 4 shows the 

calculated pH distribution in the cathode for heliox-fed and nitrox-fed MFC reactors. The cathode 

pH in the heliox MFC was consistently higher than that of the nitrox reactor, indicating more rapid 

oxygen reduction since hydroxide is the product of the ORR. The slope of the pH profile is steeper 

in the Pt/C catalyst layer than in the biofilm, indicating that the ORR reaction rate in the Pt/C 

catalyst layer is faster than in the biofilm. As shown in Fig. 4, the pH of the boundary layer is 

constrained to 7.08 for the steady state model. It should be noted that a limitation of the current 

model is that there is no feedback between elevated cathode pH and the biomass or catalyst 

reactions. 
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Figure 4.  Simulation results of pH distribution in cathodic side for nitrox-fed and heliox-fed 

MFCs. 
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Table 2. The anode potential values in different external resistors. 

External resistor (Ω) Anode potential (mV) vs. 

Ag/AgCl 

10 -147.79 

50 -186.13 

75 -217.27 

100 -225.32 

150 -234.96 

200 -242.19 

500 -259.51 

1000 -266.60 

 

3.2 Cathode transient model analysis 

      The cathode transient model focuses on species changes (e.g. biomass, acetate and hydroxide) 

and the effects of environmental changes on the biomass (AAB, HAB in the cathode biofilm and 

suspended biomass). Side-reactions that may impact the electrode or membrane materials are not 

considered in the transient model. A simulation period of 15 days from inoculation was assumed 

since experimental cells generally achieved stable performance in this time period. Based on 

experimental measurements, the range of initial dissolved oxygen (D.O.) across many cell builds 

was 2.9 – 4.2 mg/L, thus D.O. was set to 4.2 mg/L. Fig. 5 shows the cathodic biofilm thickness 

growth and average acetate concentration and D.O. in the reactor over 15 days. In Fig. 5 a), the 

biofilm required almost one week to achieve fully grown thickness approaching 1 mm, which 

agrees with the cathodic biofilm thickness range observed experimentally. Upon reaching a  
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Figure 5. Simulation results for cathodic biofilm thickness and average D.O. (dissolved oxygen) 

in bulk liquid over 15 days: a) Cathodic biofilm thickness; b) average acetate concentration in the 

reactor; c) average D.O. in the reactor. 
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stable, maximum biofilm thickness, the biofilm thickness fluctuated with acetate concentration, as 

shown in Fig. 5 b). Two days after each bulk liquid refreshment, most of the acetate was consumed 

resulting in decreased biomass growth rate as the acetate concentration reached a minimum. As is 

apparent in Fig. 5 c), D.O followed a similar trend, reaching maxima upon each bulk liquid 

replacement. It can be seen in Fig. 5 a) and Fig. 5 c) that the D.O. actually increased slightly over 

every 2 day cycle from day 8 onward. The anodic biomass functions only in an anaerobic 

environment, thus it is beneficial for the one chamber MFC system to maintain the lowest D.O. in 

the bulk liquid possible. Although the cathodic microorganisms compete with the anodic 

exoelectrogens for acetate, the cathodic biofilm and suspended biomass consume oxygen from the 

bulk liquid before reaching the anode. 

      The cathodic transient model simulated three types of biomass: HAB, AAB and suspended 

biomass. Fig. 6 shows the average density of the biomass over 15 days. In Fig. 6 a), the biomass 

densities of these three are compared. The HAB biomass dominated the biofilm population and its 

density followed the changes in acetate concentration; conversely, AAB growth was relatively 

stable and only comprised approximately 15 wt% in the cathodic biofilm. Because this simulation 

neglected the anode biofilm (which is much thinner than the cathode biofilm), the suspended 

biomass originates from the cathode detached biomass which then can grow in suspension. As 

shown in Fig. 6 c), the density of the suspended biomass decreased as the D.O. content decreased 

in the bulk liquid, but was always four orders of magnitude smaller than the biofilm biomass 

densities. 

      Fig. 7 shows the calculated distribution of the HAB/AAB biomass density in the cathodic 

biofilm over time. Biomass density increased rapidly, as did the biofilm thickness growth rate. In 

this simulation, the stable total biomass density was approximately 16.5 g/L - 18.0 g/L. Zhang  



Final Manuscript Version 

33 
 

 

Figure 6.  Simulation results for cathodic average HAB, AAB and average suspended biomass in 

bulk liquid over 15 days: a) average HAB concentration; b) average AAB concentration; c) 

average suspended biomass. 
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Figure 7.  Simulation of AAB biomass density and HAB biomass density over 15 days. 
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and Bishop [32] measured biofilm density experimentally and found a range of 11.1 g/L – 107.8 

g/L. The biofilm density depends on biofilm thickness, porosity, and biomass cultures, leading to 

the difference in the upper limit of biofilm density between this work and the experimental 

reference [32]. The acetate concentration in the reactor is greatly influenced by the cathodic 

biomass density and biofilm thickness as shown in Fig. 7. The simulation indicated that 92 % 

acetate consumption is by the cathodic biomass and 8 % acetate consumption is by the suspended 

biomass. The combined acetate consumption from anodic biomass, cathodic biomass and 

suspended biomass will be compared in the full cell model that is the subject of future work. 

 

The transport and distribution of D.O. and acetate were also simulated across the cathode. In Fig. 

8, the D.O. distribution is shown in different domains in 10 days simulation. The changes of the 

biofilm thickness are echoed by the biofilm thicknesses shown in Fig. 7. In Fig. 8, the distance 

from the last solid dot of the D.O. doted lines to the PTFE surface layer reflects the growth the 

cathodic biofilm thickness in every day. Oxygen was consumed most rapidly in the Pt/C catalyst 

layer, as indicated by the slope of the oxygen concentration profile. In absolute terms, more D.O. 

was consumed in the cathode biofilm, albeit at a slower rate, than in the Pt/C layer owing to its 

much greater thickness across the cathode.   

4. Conclusions 

      A one-dimensional, multi-species, steady state model was constructed to explore the 

relationship between power density and electrochemical potentials. Experimental results were used 

to test the hypothesis that mass transport in the cathode strongly affects power output of an air 

cathode MFC. A heliox-fed MFC produced higher power than a nitrox-fed MFC (the maximum 

power output of heliox-fed reactor was 1314 mW/m2, while the maximum power  



Final Manuscript Version 

36 
 

 

Figure 8.  Simulation of the dissolved oxygen in cathodic side over 10 days. 
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output of the nitrox-fed reactor was 1269 mW/m2.) Improved diffusion of oxygen in heliox, 

relative to nitrox, resulted enhanced oxygen reduction in the cathode. The persistent difference in 

performance between heliox- and nitrox-fed reactors led to simulating the existence of a gas phase 

in the assumed-flooded cathode. Based on simulation results, a small volume (3 % in the carbon 

cloth, 1 % in the catalyst layer) of gas phase in the cathode can result in the differences observed. 

Simulation results agree with experimental results that dominating overpotentials are from the 

cathodic part rather than the anodic part in the MFC; thus, greater improvement can be realized by 

optimizing the cathode of the single chamber, air cathode MFC. 

      In addition to the steady-state model, a one-dimensional, multi-species transient cathode-bulk 

liquid model was formulated; OpenMP with a modification for time scale optimization enabled 

timely computational requirements. It was found that heterotrophic, aerobic biomass dominate the 

cathode, with only ca. 15 % of the cathode biofilm present as autotrophic, aerobic biomass. The 

simulation compared well with overall cathodic biomass growth measurements and dissolved 

species distributions over time observed in experiments. The amount of oxygen-removing 

contribution and acetate consumption of the cathodic biomass and suspended biomass were able 

to be quantitatively compared by the transient model. 
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