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a b s t r a c t

The internal resistance, including activation loss internal resistance (AIR), ohmic loss internal resistance
(OIR) and concentration loss internal resistance (CIR), is an important parameter that determines the
performance of microbial fuel cells (MFCs). The experimental investigations were completed to estimate
the contributions of these three components to the internal resistance. The internal resistance is found to
vailable online 25 June 2010
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imiting current

vary with electric current, although it is almost a constant for the current is within a certain region. The
largest component of the internal resistance is CIR except for small currents. The AIR decreases quickly for
small current and reduces its decreasing rate as the current increases and approaches to a constant. The
OIR is constant over the whole current range. The experiments also disclose that increasing the limiting
current and reducing the concentration loss are both important for improving the MFC performance.

© 2010 Elsevier B.V. All rights reserved.

oncentration loss

. Introduction

At present, reducing environmental pollution and exploring
ew energy sources are the two important measures to achieve
ustainable development and circulation economy. Microbial fuel
ell (MFC) is one of the new technologies that do the both at the
ame time. The MFCs use micro-organisms as biological catalyst to
irectly convert organic biomasses, which may be considered as
type of pollution, into electrical energy. A variety of wastewater

an be used as raw materials. MFC has many advantages over the
raditional technologies, such as the diversification of fuel sources,
on-pollution, high energy efficiency, mild operating conditions,
trong biocompatibility, and so on. Due to all these advantages
nd its great application potential in various areas such as micro-
ial sensors, bioremediation, sewage treatment, this technology
as received more and more attention from both governments and
cientists.

A MFC usually consists of an anode chamber and a cathode
hamber physically separated by a proton exchange membrane
PEM). Micro-organisms in the anode chamber form a mini-
cosystem harvesting energy and generating protons and electrons
y oxidizing substrates in anaerobic environment. When operating,

rotons travel through the PEM, and electrons travel through the
xternal circuit to the cathode chamber, where they are consumed
o reduce oxygen to water.

∗ Corresponding author. Tel.: +86 10 67391917; fax: +86 10 67391917.
E-mail address: liuzhl@bjut.edu.cn (Z.-L. Liu).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.06.062
Low power output is the biggest disadvantage of the MFC tech-
nology at present (three orders of magnitude smaller compared
with a fuel cell). The internal resistance of a MFC is closely related
to the power output. The particular internal resistance that results
in the largest power output is used as an important parameter to
evaluate MFC performances in most literatures. Several different
methods for evaluating the MFC internal resistance were summa-
rized in [1]. Cao and Liang made a membrane electrode assembly
(MEA) typed MFC, and found that the internal resistance was about
10–30 � under the steady state operation conditions [2]. Liang
and Fan used carbon nanotube, flexible graphite and activated car-
bon as anode material, and found that the internal resistances
were 263 �, 301 � and 381 �, respectively [3]. Min and Angeli-
daki constructed a submersible MFC, and found that the internal
resistance was 35 ± 2 � [4]. Wen and Liu fabricated an air–cathode
MFC, and found that the internal resistance was 33.8 � [5]. He [6]
used the internal resistance as a parameter to define the UMFC
performance, and analyzed several factors affecting the internal
resistance. Manohar and Mansfeld divided the internal resistance
into three parts, namely the cathode polarization resistance, the
anode polarization resistance and the ohmic resistance. The idea
is actually from electrochemistry and is used to present the influ-
ences of the electrode materials and electrode configuration on MFC
performances [7]. The composition of the MFC internal resistance
was obtained based on electrical knowledge and a one-dimensional

model of fuel cells, which ignored the effects of electrodes on the
MFC performance. Therefore, it is important to separate or split
the MFC internal resistance according to microbial fuel cell itself
to get an accurate and insight understanding of the MFC process.
Hence an experimental study is carried out in this paper to deter-

dx.doi.org/10.1016/j.jpowsour.2010.06.062
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:liuzhl@bjut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.06.062
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Fig. 1. Schematic diagram of the MFC.

ine the contributions of the internal resistance components of
FC and the influences of various factors on the internal resistance

re discussed, trying to provide a theoretical basis for reducing MFC
nternal resistances and optimizing MFC configurations.

. Materials and methods

.1. MFC construction

The MFC used in this paper is composed of two 1300 ml plex-
glass chambers that act as anode and cathode. Each chamber
as three ports on the top that are used for gas-outputting, sam-
ling and electrode probing, respectively (Fig. 1). These ports are
ll sealed with butyl stoppers and fixed with screw caps. Two
hambers were separated by a PEM (5.0 cm × 5.0 cm, Nafion-117,
upont) and assembled using stainless steel studding, washers
nd nuts. Each chamber contained two pieces of graphite felt
ith an effective surface area of 100 cm2 each. The electrodes are

onnected with copper wire to provide the connections for the
xternal circuit. A resistance box (ZX36, China; range: 0–9999 �,
ccuracy: 1 �) is used as the external circuit load. The volt-
ge is measured by a digital multimeter (UT70D, China; range:
–800 mV, accuracy: 0.1 mV) and recorded by a personal com-
uter.

.2. Anode inoculation and operation

Activated sludge from Beijing Gaobeidian wastewater treat-
ent plant is used as inoculum, and was domesticated and cultured

n anode solution for 3 weeks. Sterilized deionized water is used
s solvent. Synthetic wastewater [8] containing sodium acetate
s the carbon source is used as the anode solution in this study
nless specified. It is prepared by adding 1000 mg sodium acetate,
0,020 mg NaCl, 681 mg KH2PO4, 117 mg NaOH and 20 ml solution
f rare metal elements and vitamin per unit liter deionized water.
ts COD concentration is 850 mg l−1 approximately. Cathode solu-
ion is prepared by adding 10,020 mg NaCl, 681 mg KH2PO4 and
17 mg NaOH per unit liter deionized water, and potassium ferri-
yanide (K3Fe(CN)6, 1000 mg l−1) is used as the electron acceptor.
he chambers are flushed with nitrogen gas for 2 min to remove

issolved oxygen so as to maintain anoxic conditions. The MFC was
perated in fed-batch mode at a fixed load (1000 �, unless stated
therwise). The MFC was operated at room temperature varying
etween 17 ◦C and 23 ◦C. The relative humidity was 15–45%. The
athode solution is circulated with a buffer bottle of 2000 ml at a
Fig. 2. Steady state voltage generated as a function of the current.

mass flow of 350 l h−1 by a circulation pump to ensure adequate
supply of the electron acceptor.

2.3. Data acquisition and calculation

Voltage was measured using a digital multimeter (UT70D,
China; range: 0–800 mV, accuracy: 0.1 mV). Polarization curves
were obtained by varying the external resistance over a range from
10 � to 9999 � when the voltage was kept constant. Ambient tem-
perature and relative humidity were measured using a temperature
and humidity meter (Rotronic K15, Sweden; temperature—range:
0–100 ◦C, accuracy: 0.1 ◦C; relative humidity—range: 0–100%,
accuracy: 0.1%). Ionic conductivity was measured using a multi-
parameter instrument (Multi 340i, Germany; range: 0–199.9 S m−1,
accuracy: 0.1 S m−1).

Electric current, power and the internal resistance are calculated
from Eqs. (2.1), (2.2) and (2.3), respectively.

I = V

Ro
(2.1)

P = IV (2.2)

Ri =
(

Et

V
− 1

)
Ro (2.3)

where V is the electric voltage, V; Ro and Ri are external and internal
resistances, �; I the electric current, A; and Et is the electromotive
force, V.

3. Results and analysis

3.1. Analysis of internal resistance

The MFC voltage losses mainly include the activation or reac-
tion kinetics, the ohmic polarization and the concentration or mass
transport losses. The real voltage output for a MFC can thus be cal-
culated by subtracting the voltage drops due to the various losses
from its electromotive force and then [9]:

V = Et − �act − �ohmic − �conc (3.1)

where, �act, �ohmic and �conc are voltage losses due to reaction kinet-
ics, ohmic polarization and mass transport, respectively.

Polarization curves are useful for determining the dependence

of MFC performance on resistance. The I–V curve is plotted at dif-
ferent external resistances (10–9999 �), as shown in Fig. 2. From
this figure we can see that the open-circuit voltage is 639.3 mV.
The actual voltage output of the MFC is smaller than the thermody-
namically predicted one. Furthermore, the larger the current that is
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From this equation, one can see that the ohmic loss was directly
proportional to the current, and the OIR is 15 � in this experiment.
The OIR can take a very large portion of the internal resistance under
the moderate current conditions and can be as large as 40%.
P.-Y. Zhang, Z.-L. Liu / Journal of

rawn from the MFC, the lower is the voltage output. The voltage V
ecreases almost linearly with the current for small currents. How-
ver, after the current increases to a certain value (limiting current
s it is called in the literature), the voltage drops off sharply. This is
onsistent with the one-dimensional model result for conventional
uel cells [9]:

= Et − (aA + bA ln I) − (aC + bC ln I) − IRohmic − c ln
IL

IL − I
(3.2)

here �act = (˛A + bA ln I) + (˛C + bC ln I), represents the activation
oss from both the anode (A) and the cathode (C) based on natu-
al logarithm form of Tafel equation; �ohmic = IRohmic is the ohmic
oss based on the current I and the ohmic internal resistance Rohmic;
conc = c ln[IL/(IL − I)] is the concentration loss, where c is a empirical
onstant and IL is the limiting current.

The internal resistance of the digital multimeter is as large as
0 M�, so the open-circuit voltage can be taken approximately as
he actual electromotive force of the MFC, Et. The expression of the
node activation loss (aA + bA ln I) is same with that of the cathode
ctivation loss (aC + bC ln I), so we may combine them together and
t the experimental results using the following equation:

= Vopen − (a + b ln I) − IRohmic − c ln
IL

IL − I
(3.3)

The fitted result of our experimental results in the form of Eq.
3.3) is given by Eq. (3.4) and shown in Fig. 2.

= 639.30 − 14.30 − 3.15 ln I − 15I − 77.12 ln
6.0

6.0 − I
(3.4)

By dividing the electric current I on both sides of Eq. (3.1), the
xternal resistance is related to the internal resistance Ri by:

o = Rt − Ri (3.5)

here Rt is the total resistance and defined by the following equa-
ion:

t = Et

I
(3.6)

nd Ri is defined by Eq. (3.7):

i = �act + �ohmic + �conc

I
= Ract + Rohmic + Rconc (3.7)

here Ract is the internal resistance caused by activation losses
activation loss internal resistance, AIR), Rohmic is caused by ohmic
osses (ohmic loss internal resistance, OIR), and Rconc is caused by
oncentration losses (concentration loss internal resistance, CIR).

As can be seen from Eq. (3.7), the MFC internal resistance con-
ists of three parts, namely, AIR (Ract), OIR (Rohmic) and CIR (Rconc).
he internal resistance calculated from the experimental measure-
ents was plotted against the current in Fig. 3. As can be seen from

his figure, with the increase of the current, the internal resistance
ecreases sharply at first, then remains almost a constant up to
mA. If the current increases further, the internal resistance begins

o increase sharply.

.2. Activation loss internal resistance (AIR)

The voltage loss due to energy consumption as heat for initiating
he oxidation or reduction reactions is the activation loss. Accord-
ng to Eqs. (3.4), (3.5) and (3.7), the activation loss of the MFC is
alculated from:

act = 14.30 + 3.15 ln I (3.8)
Dividing both sides of the above equation by current I gives the
xpression for calculating the AIR of the MFC:

act = 14.30 + 3.15 ln I

I
(3.9)
Fig. 3. The internal resistance generated as a function of the current.

Fig. 4 depicts the variation of both the activation loss and the
AIR as a function of the current. As can be seen from this figure, the
activation loss increases sharply for small current and then after
that its increase rate drops and approaches to a constant of about
20 mV. The AIR, on the other hand, decreases very quickly for small
current and then the decrease rate is becoming smaller as the cur-
rent increases and not surprisingly approaches to about 3 �. In a
word, the AIR component of the internal resistance is large at rel-
atively low currents, and becomes smaller with the increase in the
current.

3.3. Ohmic loss internal resistance (OIR)

The voltage loss due to electric charge transport is called ohmic
loss. According to Eqs. (3.4), (3.5) and (3.7), the ohmic loss of the
MFC is calculated by the following equation:

�ohmic = 15I (3.10)
Fig. 4. Variation of the activation loss and AIR with different current.
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seen from this figure, the internal resistance is almost a constant for
1 mA < I < 5 mA. The OIR is constant over the whole current region
tested, and the variation of the internal resistance with current is
resulted from AIR and CIR. To specify the contributions of these
Fig. 5. Variation of the conductivity with time.

The OIR Rohmic can also be expressed as according to Wang and
uang [10]:

ohmic = L

A�
(3.11)

here L is the distance, cm; A is the cross-sectional area, m2 over
hich the ionic conduction occurs; � is the ionic conductivity of the

lectrolyte, S m−1. The average conductivity of the MFC changed
lightly during the whole experimental period. In this experiment
t is about 2.25 S m−1 as shown in Fig. 5. The cross-sectional area

as 2.5 × 10−3 m2 and the distance was 0.07 m. Therefore, the OIR
s 12.44 � according to Eq. (3.11). This result is in good agreement

ith our experimental measurement (15 �) as shown in Eq. (3.10).

.4. Concentration loss internal resistance (CIR)

The voltage loss due to mass transport is called concentration
oss. By using Eqs. (3.4), (3.5) and (3.7), the concentration loss of
he MFC is obtained and is calculated by:

conc = 77.12 ln
6.0

6.0 − I
(3.12)

Dividing both sides of Eq. (3.11) by the current I, the CIR is
btained for the experimental MFC:

conc = 77.12
I

ln
6.0

6.0 − I
(3.13)

Fig. 6 presents both the concentration loss and the CIR as a
unction of the current. As can be seen from this figure, the con-
entration loss increases with the current gradually. However, it
urns to increase sharply as the current is approaching to the

imiting current (6.0 mA). The reasons for this phenomenon are

any. However, the most direct and important one is that as
he current increases to its limiting value, the reactions on both
f the electrodes approach to their limits and the deposition of
icro-organism covers the electrode surface. This may well hinder

he mass transfer processes among solution, the PEM, the elec-
rodes and the chambers. This indicates that it is very important
o enhance the mass transfer process between the substrate and
he electron acceptor to improve the MFC performance.
Fig. 6. Variation of the concentration loss and CIR with different current.

3.5. Power output

The internal resistance of a MFC corresponding to the biggest
power output is used as a key parameter for evaluating the MFC per-
formance in most literatures. The MFC power output changes with
the electric current. To show this, Fig. 7 depicts the variation of the
voltage and the power output of the MFC with the electric current
for various external resistances (10–9999 �). As one can see from
the I–P curve shown in Fig. 7, there does exist a special current value
(5.0 mA approximately) at which the power output acquire its max-
imum value (about 2.2 mW). Fig. 8 presents the relation between
the MFC power output and the internal resistance. As one can see
from this figure, the internal resistance of the MFC correspond-
ing to its maximum power output is about 42.2 �. Furthermore,
as indicated by Fig. 9, the maximum power output corresponds to
the large concentration loss. This means, to further improve the
performance or increase the power output of the MFC, it is of vital
importance to reduce its concentration loss.

4. Discussion

Fig. 10 shows the variation of the internal resistance Ri and its
components AIR, OIR and CIR of the MFC with current I. As can be
Fig. 7. The power curve after start-up.
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Fig. 8. Power output as a function of the internal resistance.

Fig. 9. Power output as a function of the concentration loss.

Fig. 10. Variation of the internal resistance with different current.
Fig. 11. Mass flow rates of the substrate and electron acceptor with different current.

three components of the internal resistance, we may take the data
at 3 mA. The internal resistance is 38.74 � for this specific current,
and its component internal resistances are: AIR 5.92 �, OIR 15 �
and CIR 17.82 �. The largest of the three components is CIR, which
takes up 46% of the total internal resistance. So reducing the con-
centration loss is the most effective way for improving the MFC
performance. Limiting current is the highest achievable current of
a MFC, which is 6.0 mA in this experiment. The limiting current is
decided mainly by the mass transfer processes of the substrate and
the electron acceptor. The mass flow rates of the substrate and the
electron acceptor of the MFC of different electric currents using glu-
cose as the substrate and oxygen as the electron acceptor are shown
in Fig. 11. From this figure it can be seen clearly, both the mass flow
rates increase with current. Increasing the mass flow rates of the
substrate and the electron acceptor is an effective way to improve
the MFC performance.

The above discussion is made for the given open-circuit volt-
age or electromotive force. However, according to electrochemistry
and thermodynamic theory, increasing the open-circuit voltage
will move the I–V curve to the larger voltage direction, and thus
improve the MFC performance. The ideal thermodynamically pre-
dicted voltage under the standard condition is as high as 1200 mV
[11]. The open-circuit voltage in this experiment is only 639.3 mV,
so the performance of the MFC may be greatly improved, at least
theoretically.

5. Conclusions

The internal resistance of a MFC consists of three parts: AIR,
OIR and CIR. The internal resistance is almost a constant for the
current is within the region of 1 mA and 5 mA. The largest com-
ponent of the internal resistance is CIR, which takes nearly 50% of
the total internal resistance. The AIR decreases quickly for small
current and reduces its decreasing rate as the current increases
and approaches to a constant. The OIR is constant over the whole
current range and is 15 � for our experimental MFC. Furthermore,
the CIR increases slowly with current for small currents. However,
as the current approaches to its limiting value, the CIR increases
sharply with current. Therefore, increasing the limiting current is
an effective way to reduce CIR component and improve the MFC

performance. Our work also disclosed that the MFC maximum
power output is achieved with large concentration loss. Therefore,
it is very important to reduce the concentration loss for improving
the performance or increasing the power output of the MFC.
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