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Abstract

Organic matters are directly converted to electricity by microorganisms in microbial fuel cells (MFC). Modeling the per-
formance of MFC sheds light on the behavior of MFC in various operational conditions (e.g. pH and temperature). In the
present research, three voltage losses were considered for modeling of the MFC polarization curve. The current research is
composed of two parts. In the first part, the polarization curves of various MFCs with different substrates (synthetic waste-
water or industrial wastewaters) were reproduced by our model, and model parameters were obtained using experimental
data and genetic algorithm optimization. In this part, the electrical performance of 26 systems (12 systems with synthetic
wastewater and 14 systems with industrial wastewaters) were modeled with average relative error (ARE) of 17% and a
coefficient of determination of 0.9. In the second part, the influence of temperature, pH and hydraulic retention time on the
electrical performance of MFC were studied. In this part, parameters were estimated by conventional (estimation of model
parameters in each point), and a novel method (estimation of model parameters as a function of operating parameters). It
was shown that using second tuning method, the number of estimated parameters decreased, while the error of the model
remained at an acceptable level.
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Introduction

54 Masoud Karamzadeh Microbial fuel cells (MFC) are being considered for vari-

m_karamzadeh @chemeng.iust.ac.ir ous applications, one of which is for the production of
renewable energy. Direct conversion of harmful organic
sources (e.g. industrial wastewater) to electricity is the
most important advantage of MFC compared to other
alternatives [1]. An MFC is an electrochemical bioreactor,
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used to convert organic materials to electrons, protons and
carbon dioxide by utilizing bacteria in the anode chamber.
In a dual-chamber MFC, electrons are transferred to the
anode by mediator, nanowire or direct mechanism. Then
they are moved to the cathode via an external circuit. Pro-
tons are also transferred to the cathode by passing through
the anolyte, a separating membrane, and the catholyte. In
the cathode, electron acceptors (usually oxygen) receive
electrons and protons producing water [2].

Zhang and Halm presented the first MFC model in 1995
[3]. Their model was used for simulation of the electri-
cal performance of a dual-chamber MFC [3]. After this
research, less attention was paid to MFC modeling for
more than ten years. A new period of MFC modeling
started in 2007 by introducing two—anode based models
[4, 5]. MFC models are classified into two categories of
comprehensive and specific models. The primary goal in
comprehensive models is modeling the overall behavior of
MECs. These models are divided into two classes based on
the limiting factor of the process. The first class of com-
prehensive models is known as anode and cathode based
model, where the performance of an MFC is modeled by
the anode and cathode reactions [6]. The second class of
comprehensive type models is anode based models. The
central assumption of anode based models is the assump-
tion that the cathodic process (including reaction and mass
transfer in the cathode chamber) are fast enough and the
anodic process is the limiting factor of the MFC perfor-
mance [4, 5, 7]. One of these two main models should
be used for modeling the performance of MFC based on
experimental and structural features. Therefore, in some
cases [8-10] anode based models were the better choice for
modeling (anodic process is the limiting factor). Also, in
some cases, cathodic reaction must be considered [11-13].

Electrochemical model (polarization curve model) is
one of the specific models [14, 15]. A practical and simple
electrochemical model was introduced by Wen et al. [16].
Based on the electrochemical model, the polarization curve
(voltage-current) can be divided into three regions: activa-
tion losses, ohmic losses, and concentration losses. The
polarization curve model had seven adjustable parameters,
which can be fitted on experimental data of a single-chamber
continuous MFC with brewery wastewater as substrate [16].

Several researchers have focused on experimental evalu-
ation of influence of structural parameters (electrode mate-
rials [17-19], and electrode modification [20]), operating
parameters (temperature [21], hydraulic retention time
(HRT) [22], and pH [23-25]) on performance of MFC.

However, modeling studies on the influence of these
parameters on MFC performance are scarce. The details
of MFC (e.g. source of voltage losses, the effect of operat-
ing variables such as temperature and pH) can be under-
stood by electrochemical modeling results. That means
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electrochemical results help researchers to improve MFC
performance by creating MFCs with lower voltage losses.
In the present research, a two-part-specific modeling
(polarization curve modeling) for the electrical behavior of
MFC was carried out by using genetic algorithm optimiza-
tion method. In the first part, model parameters of MFC with
different substrates were validated against experimental data,
and the polarization curve was reproduced by the model. The
effect of operating and structural parameters on source of
voltage losses cannot be directly investigated by electro-
chemical modeling. However, in the second part of present
research, a simple procedure was suggested and examined for
studying the effect of structural and operating parameters on
the electrical performance of MFC. To investigate the effect
of operating parameters such as temperature, hydraulic reten-
tion time and pH, on the electrical performance of MFC, a
novel method for estimation of parameters was used by defin-
ing model parameters as functions of operating conditions.

Model development

The polarization curve of fuel cells contains three regions:
activation, ohmic, and concentration regions. The energy
required to overcome the activation barrier of anodic and
cathodic reactions is represented by activation loss. Activa-
tion loss decreases by modifying the cathode catalyst. Resist-
ances against ions transfer in catholyte, anolyte, separator,
and electrodes were defined as ohmic losses. Ohmic losses
decrease with increasing conductivity of electrolytes. Limita-
tion of chemical species which were transported in chambers
(anode and cathode chamber), considered as concentration
loss [16, 26]. The voltage of MFC was defined as follows:

V = OCV = ¢t = flohm — Meoncen> @))]
where, OCV, 1,0, Hopm a4 #oncen WETE Open-circuit volt-
age (V) (voltage in no current), activation loss (V), ohmic
loss (V) and concentration loss (V), respectively. Activation
loss was divided into anode and cathode activation losses.

Voltage activation losses were defined by Tafel’s equation
(Egs. 3-4).

rlact = nca + r]an’ (2)

nan=ban><1n<.i>, 3)
0
i

nca=bca><1n<-_>’ “4)
b

where, b, b_,, iy and i represent Tafel’s slope of the anode

(V), cathode (V), exchange current (A) and current (A),
respectively. Activation loss (Egs. 5 and 6) obtained with
substituting Eqs. 3 and 4 in Eq. 2.
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I/anlzlce :vjl’[‘s’;iﬁ: }fe"gﬁnvlvzt:tresw‘ier Feed Type of MEC i, (A) b(V) Ry, (Q) C(V) i(A) ARE% R®  Refl

as a carbon source Cellulose DC? 1.38%¥10° 0.033 31546  0.398 0.0016 4.45 0.998 [37]
Sucrose®"  SC* 9.48%107° 1*10™* 687.3 0.0788  0.0011 4.57 0.992 [27]
- sC 1.22%¥10°  0.047  150.9 0.102 0.0030 3.69 099 [27]
SC 3.59%10°  0.018  103.5 0.016 0.0096 4.11 0.995 [27]
Sucrose ~ DC 7.92%10%  0.015 3.242 0.114 0.170 5.6 0.992 [38]
Fructose ~ DC 7.91%10* 0.011  3.299 0.105 0.19  7.11 0.991 [38]
Glucose  DC 8.0¥10*  0.009 3.8 0.08 0.199 689 0997 [38]
Xylose DC 46*10°  0.001 968 0.102 0.007 5.54 0986 [39]
Acetate N6l 7.02%10°  0.01 0.038 0.074 3434 526 0979 [40]
Glycerol  SC 121%10° 008  8.54 0.018 086 7.15 0.87  [41]
Ethanol ~ DC 1.27%¥10° 0.018 946 0.107 0.0013 8.68 0.975 [42]
Ethanol  SC 3.46%10° 0.028 1314 0.035 0.0014 2.4 0.985 [42]

!Reference of experimental data
Dual-chamber MFC

SMFC with same substrate and different anode electrode materials (*graphite rod, **triangles of graphite,

***graphite flakes)
4Single-chamber MFC

Mot = by X 10 (i) + by, X In <i> (5)

Nact = Dyt X 10 <L> > (6)

lo
The Ohmic loss was represented by Eq. 7 [16].
Hohm = Rohmic L. (7)
Based on Eq. 7, the ohmic resistances in MFC are shown

by Rpmic (€2). The concentration loss was introduced as in
Eq.3[16]:

Meoncen = C X In ( i ) ®)
ip—i
In Eq. 8, C and i, are concentration loss slope (V) and lim-
iting current (A). Limiting current is the maximum produc-
ible current in MFC. The general polarization equation was
obtained by substituting Eqs. 6 and 7 and 8 into Eq. 1.

V =0CV - <b><1n<,i>> — (Rypmicd) — <c><1n<, i >>
Iy =1

©))
Equation 9, was the final equation utilized for modeling of
polarization curve. This equation has five unknown parameters
(B, iy, Rypmic» C. and i)). These parameters were fitted on exper-
imental data of voltage-current by using the optimization algo-
rithm. Optimization algorithm adjusted unknown parameters
by minimizing the objective function. In the present research,
relative squared error (RSE) (Eq. 19) was used as an objective
function for parameters estimation.

( VModel - VEx )2.

Vi (10)

Modeling of the polarization curve was carried out by
MATLAB software. Search domain of parameter estimation
was limited to an acceptable range. Genetic algorithm with a
population of 1,000,000 individuals, elite count of 5% and a
crossover of 0.8 was used for adjusting unknown parameters.
The accuracy of model output was shown by absolute rela-
tive error (ARE %) and the coefficient (R?).

Results and discussion
The polarization curve model has five unknown parame-

ters with different effects on voltage overpotential. Voltage
losses decreased with an increase in exchange and limiting
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Fig. 1 Activation loss of MFC with carbohydrate as substrate
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Fig.2 Results of polarization curve modeling of a single-chamber, b
dual-chamber MFC with ethanol as substrate (0) experimental point
(solid line) model output

current. However, increasing Tafel’s slope, ohmic resistance
and concentration loss slope led to increasing voltage losses.
Modeling the electrical performance of MFC was carried
out in two parts:

e Investigation of the influence of various substrate
¢ Investigation of the effect of operating parameters on the
performance of MFC.

MFC with various substrates

The polarization curve of MFC was modeled by two differ-
ent types of substrates. The results of estimated parameters
of 11 systems with synthetic wastewater are presented in
Table 1. References of experimental data, used for validating
the model are presented in the last column of Table 1. The
results show that ARE <9% and the coefficient of determi-
nation (R?) > 0.87. Therefore, the results are in good agree-
ment between model output and experimental data. Also,
modeling behavior of MFC with different anode materials
(Graphite rod, Triangles of graphite and Graphite flakes)
were studied and the results are shown in Table 1. Based
on experimental results, the higher surface area of anode
[27] or higher surface contact between microorganisms
and anode [28] leads to higher produced power. The results
show that the concentration loss was responsible for most
of voltage loss in MFC with a graphite rod. However, in
other two anode materials, the major part of voltage loss
was due to ohmic losses. Comparing the concentration
losses in MFC with three anode materials, indicated that

{ZQ’S fV lx?fgigfinﬁixim Wastewater MEC i, (A) b(V) Ry, (@ CV) i(A) ARE% R®  Ref
as a carbon source Brewery' DC  4.98*107 0.053 10 0.012  0.021 351 0991 [43]
2 DC  8.24*10° 0.089 1.1 0.047  0.026 45 0973 [43]
Biodiesel SC  541%10° 0014 2673 0.07  0.002 846 0974 [44]
Petroleum SC  0.038 1#107°  0.08 0.186  3.243 224 099 [45]
Urine SC  251%10° 0.094 240 0.009  0.00059 358 0993 [46]
Distillery SC  0.045 0.094 6.1 0.0123 6 441 0995 [36]
Urban® SC  6.56¥10° 0.039 84.8 0.008  0.015 103 0995 [47]
4 SC 155107 0.067 1249 0.036  0.015 1425 0943 [47]
Brewery SC 326107 0.045 212 0.064  0.007 3.05 0997 [16]
Seafood DC  2.01%10° 0.015 962 0.014  0.096 734 0982 [35]
Dairy SC  34#*107° 0007 616 0.324  0.005 7.04 0972 [48]
Cashew apple juice DC  7.07%10° 0.04 74.9 0.041 0.016 43 0.995 [49]
Chemical DC  1.53*107 0.017 634 0.03  0.01 798 091 [23]
Rice straw DC  2.14*10* 0.002 60.5 0.87  0.006 3.98 0987 [50]
Milk industry DC  8.98*10° 0.039 170.6 0.06  9.10¥10* 6.06 096 [10]
Soya industry DC 1.10¥107  0.039  130.0 0.049  5.65¥10* 103 096 [10]
Cocking food 2.16%10°  0.004  250.1 0.112  0.006 402 099 [51]

'pH=7, ?pH=10, >pH=9.5, “pH=17.5
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concentration loss in MFC with graphite rod anode was
higher than the other two materials. As mentioned above,
concentration loss of voltage was due to the mass transfer
limitations of chemical species into or out of anode. Rate
of mass transfer depends on the surface area of anode. The
surface areas for graphite rod, triangles of graphite, and
graphite flakes were 0.000889, 0.062 and 0.28 m?, respec-
tively. Therefore, concentration loss in MFC with graphite
rod was higher than triangles of graphite and graphite flakes
[27] due to its higher surface area. According to Table 1,
the results show that ohmic resistance of MFC with graph-
ite rod anode electrode was higher than the other MFCs
(Rohm., graphite rod > Rohm., triangles of graphite > Rohm., graphite ﬂakes)'
This result is in accordance with previous experimental
results [27]. Nevertheless, MFC with triangles of graphite
showed the highest activation loss.

Polarization curve of dual-chamber MFC with various
carbohydrates (fructose, glucose, and sucrose with a con-
centration of 20 g/L) as substrates was modeled and results
are presented in rows 5—7 of Table 1. Based on the modeling
results, ohmic resistances of MFC remained approximately

the same for various substrates. Activation losses in MFC
with various carbohydrates as substrates are presented in
Fig. 1. Based on Fig. 1, activation loss in MFC with mono-
saccharides was lower than disaccharides. This was attrib-
uted to the different mechanisms in converting disaccha-
rides (sucrose) and monosaccharides (glucose and fructose)
to electricity. Concentration loss was small when the mass
transfer of chemical species in or from anode was fast. In
the same bulk concentration of substrate, higher diffusion
coefficient can lead to higher rates of mass transfer to anode
[29]. Therefore, concentration loss in MFC with disaccha-
rides (sucrose) was higher than monosaccharides (glucose
and fructose).

Experimental and reproduced polarization curve of
single- and dual-chamber MFC with ethanol substrate are
shown in Fig. 2a, b. The results indicate that ohmic resist-
ance of single-chamber MFC was lower than dual-chamber
type. Dual-chamber MFC had two sources of ohmic resist-
ance (separator and catholyte) more than single-chamber
MEFC. This fact may be the reason for higher ohmic resist-
ance in dual-chamber MFC. According to Fig. 2b major part

Table 3 Modeling results at

different operating conditions Substrate ig (A) b (V) Rowm () C(V) i (A) ARE% R? Ref

Temperature (K)

Glucose 299 4.95%107° 0.049 996.8 0.097 3.84%*10™% 637 0.983 [52]
303 1.65%107 0.05 899.0 0.116 5.19%10™* 4.85 0.995 [52]
306 2.30%107  0.069 799.9 0.136  6.65%10™* 233  0.996 [52]
308 3.79%107 0.076 698.6 0.148 8.51*%10™* 228 0.996 [52]

Acetate 277 8.77%1077 0.035 205.9 0.079 0.0097 3.06 0.993 [53]
283 1.77%107 0.063 168.6 0.149 0.0098 5.74 0.988 [53]
288 4.82*%10° 0.063 140.2 0.150 0.0119 455 0982 [53]
293 1.19%10* 0.063 110 0.150 0.0129 9.93 0.961 [53]
303 1.19%10* 0.069 70 0.151 0.015 1346 095 [53]
HRT (h)

Glucose 16 1.44*107 0.036 284.1 0.124 0.009 1.9 0.996 [34]
12.33 2.31%¥107 0.038 237.3 0.043 0.010 3.29  0.993 [34]
6.33 2.38%107 0.062 182.1 0.104 0.015 2.39  0.994 [34]
3.6 2.24%107 0.047 272.2 0.143 0.012 2.05 0.997 [34]

Cafeteria 6 7.47¥10* 0.0001  22.0 0.018 0.012 10.7 0.922 [22]

Wastewater 4 8.55%10™ 0.00004 20.6 0.057 0.017 825 0952 [22]
2 1.00%107 0.00002 15.0 0.176  0.022 7.63 0962 [22]
1 1.6%107 0.00003 10.0 0.217 0.035 7.66 0974 [22]
pH

Lactatel 5 8.95%10% 0.035 2541.0  0.458 0.008 4.2 0.995 [33]
6 1.19%107 0.056 192.3 0.022 0.011 379  0.997 [33]
7 2.62%107 0.051 199.9 0.499 0.01 843 0.996 [33]
5 8.92%107% 0.052 143.2 0.266 0.002 3.61 0.998 [33]
6 1.18%107 0.059 101.1 0.469 0.005 6.36  0.99 [33]
7 7.57%107 0.046 165.6 0.707 0.004 433 0998 [33]

'MFC with two different microorganisms, rows 18-20 Shewanella oneidensis DSP10 and rows 21-23 She-

wanella oneidensis MR-1
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of voltage loss was due to ohmic resistances in dual-chamber
MEC.

Results of polarization curve modeling of 14 MFC sys-
tems with industrial wastewater as substrate are presented
in Table 2. These systems were selected from different
types of wastewater, reported in literature [30, 31]. In order
to be able to reproduce some of the results, in these sys-
tems the open-circuit voltage must be reported. Compar-
ing reproduced polarization curve and experimental data
indicated acceptable accuracy of the model (R*>0.91 and
ARE < 15%).

Modeling effect of temperature, pH and HRT
on the performance of MFC

The effects of operating parameters (temperature, HRT and
pH) on electrical performance were modeled and results
are reported in Table 3. MFCs with glucose at temperature
299-308 K and acetate at 277-303 K (Table 3 rows 1-8)
were modeled. Ohmic resistance decreased with increas-
ing temperature. However, other parameters (Tafel’s slope,
exchange current, concentration loss slope and limiting cur-
rent) increased when temperature was increased.

It was shown that increasing temperature would lead to
decreasing ohmic resistance. This was due to the fact that
anolyte resistance against ion transport decreased by increas-
ing temperature. Limiting current depends on diffusion coef-
ficient [29] and diffusion coefficient increases with increas-
ing temperature [32]. Therefore, limiting current increased
with increasing temperature. The estimated value of ohmic
resistance, exchange and limiting current at different tem-
peratures are reported in Fig. 3. According to Fig. 3 and
Table 3 (rows 1-8 and columns 2-7), estimated parameters
have linear relation with temperature.

As a novel method, the model parameters were fitted on
a temperature-dependent relation. This relation was obtained
based on modeling results and is shown in Eq. 11. Also, the
performance of this relation was examined. Reducing the num-
ber of fitting parameters of MFC with glucose from 20 to 6
and MFC with acetate from 25 to 6 adjustable parameters was
one of the most important advantages of the new method of
parameter estimation.

iy =A;T, b=B,;T, Ry, =R;;T+ Ry, C=C,;T, ij=D,T,
)
where, Ay, By, R;7, Ry, Cp, and Dy were six adjustable
parameters, fitted on experimental data at different tempera-
tures. New model Parameters (six unknown parameters of
Eq. 11) were estimated and reported in Table 4. Model error
was defined as the difference between reproduced polarization

curve by model and experimental data. This error remained
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at an acceptable level, while adjustable parameters decreased
significantly.

Effects of HRT and pH on performance of MFC were more
complicated, compared to temperature. There is an optimum
value of these parameters, where MFC shows its optimum
performance [22, 33, 34]. Based on the results presented in
Table 3, exchange and limiting current show a maximum,
while ohmic resistance shows a minimum. So Second-order
relations (Egs. 12 and 13) were suggested for modeling the
effect of HRT and pH.

ip = A;,HRT? + Ay, HRT + A,
Ropm = R, HRT? + R,,HRT + R;, ,
iy = D,,HRT? + D,,HRT + Dy,

12)

(a)
0.00016 -
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Fig. 3 Model parameters (a exchange current, b ohmic resistance and
¢ limiting current) at different temperature based on results reported
in Table 3
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Z;'E':“l IES“mated parameters Substrate Tem. (K) Ag B; Ry Ry Cp Dy ARE% R
Glucose 299-308 3.09%107° 2.63*107 27,105.1 -83.9 54.54*10* 5.183*10* 1036 0.994
Acetate  277-303  2.16%¥107'® 3.28+107° 18124 -573 1.12%10°* 3.14*10* 107  0.994
';?IEIZ ;5 1];setllnmdaltgd parameters HRT pH
Substrate Glucose Domestic Substrate Lactate Lactate
HRT range (h) 3.6-16 1-6 pH range 5-7 5-7
A — 1.00*107!! 0.0789 A 1.934%1078 1.7%1078
Ay 2.38*107° —0.0029 Ay —8.43*107 — 1.6%107
A, 1.15%107 0.0031 Ay 5.8%1077 4.7%1077
B 0.0461 0.0224 B 0.07 0.055
Ry, 649.8 - 140.92 Ry, —9.58%10722 —7.11%10753
Ry, - 474.62 106.11 Ry, 139 0.255
Ry, 301.20 1.0782 Ry, 94.65 99.27
C 0.494 0.261 C 0.064 0.12
Dy, —-0.197 1.2084 Dy, 5.05%107 4.88*107*
Dy, 0.1696 —0.28777 D,, —4.1%107 —0.06
Dy, 0.0121 0.044 Dy, 0.078 0.019
ARE% 3.74 15.17 ARE% 11.3 9.14
R? 0.991 0.961 R 0.966 0.979
o 5 used between the minimum and maximum value of operat-
fo =Ay,pH" + AzpH + 43, ing parameters with an acceptable level of error. Finally, it
Ropm = Rlpsz + Ry,pH + R5,, (13)  was shown that Egs. 11-13 were suitable in modeling the

i = D,,pH* + D,,pH + D3,

where A;,, A;,, R, R, and Dy, D;, (i=1, 2 and 3) were
adjustable parameters, fitted on experimental data at differ-
ent HRT and pH. There are eleven unknown parameters,
which must be fitted on polarization curve data at different
operating conditions (HRT and pH). In order to use Egs. 12
and 13, the polarization curve must be known in at least three
pH or HRT values. Equations 11-13 can be used for repro-
ducing polarization curve of MFC in each point between the
minimum and maximum value of operating parameters (tem-
perature, HRT and pH). This is advantageous compared to
the usual methods, where estimated parameters are limited
to conditions of their adjustment (Table 5).

Results of the new method of parameter estimation in
terms of temperature show that the average number of
adjustable parameters decreased by more than 70%, while R
remained higher than 95%. For HRT and pH, the number of
unknown parameters decreased more than 45 and 25% while,
ARE increased by about 4 and 5%, respectively. It should be
noted that operating conditions changed during electricity
production by MFC [35, 36]. Also, the new method can be

practical application of MFC in real conditions.

Conclusion

In the present research, the polarization curve model was
used for simulation of the electrical performance of an MFC
at different conditions. In the first part of the current study,
the electrical performance of MFC was modeled for two
different types of substrates. Polarization curves of 12 syn-
thetic and 14 industrial wastewater systems were modeled
with R?>>0.87 and R*>0.91, respectively. Moreover, the
effects of anode materials and type of MFC (single- or dual-
chambers) on the electrical behavior of MFC were modeled.
The results showed that ohmic resistance in dual-chamber
MEFC was higher than single-chamber type. In the second
part, the effect of three operating parameters (temperature,
HRT and pH) on the performance of MFC was simulated
with two different methods of parameter estimation. A new
method of parameter estimation was proposed and the results
showed that the model error remained at an acceptable level
(R*>>0.95), while the number of adjustable parameters
decreased significantly.
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