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Abstract Power generation in microbial fuel cells (MFCs)
is a function of the surface areas of the proton exchange
membrane (PEM) and the cathode relative to that of the
anode. To demonstrate this, the sizes of the anode and
cathode were varied in two-chamberedMFCs having PEMs
with three different surface areas (APEM=3.5, 6.2, or
30.6 cm2). For a fixed anode and cathode surface area
(AAn=ACat=22.5 cm2), the power density normalized to the
anode surface area increased with the PEM size in the order
45 mW/m2 (APEM=3.5 cm2), 68 mW/m2 (APEM=6.2 cm2),
and 190 mW/m2 (APEM=30.6 cm2). PEM surface area was
shown to limit power output when the surface area of the
PEM was smaller than that of the electrodes due to an
increase in internal resistance. When the relative cross sec-
tions of the PEM, anode, and cathode were scaled accord-
ing to 2ACat=APEM=2AAn, the maximum power densities of
the three different MFCs, based on the surface area of the
PEM (APEM=3.5, 6.2, or 30.6 cm2), were the same (168±
4.53 mW/m2). Increasing the ionic strength and using fer-
ricyanide at the cathode also increased power output.

Introduction

Microbial fuel cells (MFCs) convert organic matter into
electricity by using bacteria as biocatalysts (Suzuki et al.
1978; Wingard et al. 1982; Kim et al. 2002; Bond and
Lovley 2003). Bacteria at the anode oxidize organic matter
and transfer electrons to a cathode through an external

circuit-producing current. Protons produced at the anode
migrate through the solution across a proton exchange
membrane (PEM) to the cathode where they combine with
oxygen and electrons to form water. MFCs show promise
as a method to treat wastewater and produce electricity at
the same time (Liu et al. 2003; Jang et al. 2004). They can
be used as biosensors to detect lactate, fructose, and the
total organic strength of wastewater in terms of biological
oxygen demand (BOD) (Chang et al. 2004; Katz 2005).
MFCs have also been developed to be used in remote areas,
such as the bottom of the ocean, where it is difficult to
replace batteries (Chaudhuri and Lovley 2003). A class of
intelligent machines that can obtain their own operational
power by digesting organic matter, called Gastrobots, are
also being developed (Wilkinson 2000).

The specific bacteria used in the MFC can affect power
density and coulombic efficiency. MFCs that do not require
the addition of exogenous electron shuttles, or mediators,
are known as mediator-less MFCs. These mediator-less
MFCs rely upon the presence of metal-reducing bacteria,
belonging primarily to the families of Shewanella (Kim
et al. 1999, 2002), Rhodoferax (Chaudhuri and Lovley
2003), and Geobacteraceae (Bond et al. 2002; Bond and
Lovley 2003), but also to fermentative bacteria such as
Clostridium butyricum (Park et al. 2001). Metal-reducing
bacteria are believed to directly transfer electrons to an
electrode (anode) through the use of electrochemically
active redox enzymes in their outer membrane, allowing
power generation in the absence of exogenous mediators.
For example, in MFCs using Rhodoferax ferrireducens,
power output was 33 mW/m2 (normalized to anode sur-
face area, coulombic efficiency of 83%), and 14.7 mW/m2

was generated using Geobacter sulfurreducens (coulom-
bic efficiency of 96.8%). In studies using Shewanella
putrefaciens, 0.32 mW/m2 has been generated using lactate
(Kim et al. 1999). Rabaey et al. (2004) used cyclic vol-
tammetry to show that an enriched microbial community
excreted a mediator into a solution that resulted in high
power densities in a MFC. This ability of the bacteria to
transfer electrons to the electrode without the need to add
mediators has allowed MFCs to be used to harvest energy
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from waste organic matter and sediments (Bond et al.
2002; Liu et al. 2003).

The relative sizes (cross sections) of the anode and
cathodes can affect power output (Oh et al. 2004). In many
studies, the power evolved by the MFC is normalized to the
surface area of the anode, based on the assumption that the
bacterial activity (and hence, the anode surface area) will
limit power output. It was recently demonstrated that tri-
pling the surface area of the cathode increased power den-
sity by 22% (Oh et al. 2004). However, the relative benefit
of an increase in cathode size eventually decreased. A fur-
ther increase in the cathode surface area by a factor of three
increased the voltage by only 11% (anode surface area of
22.4 cm2, PEM cross section of 3.5 cm2). Surface areas of
the anode and cathode are equal in most studies (Park and
Zeikus 2000; Park et al. 2001; Chaudhuri and Lovley 2003;
Schröder et al. 2003; Rabaey et al. 2003; Oh et al. 2004),
but they have varied in others. For example, Liu et al.
(2003) used a combined cathode/PEM that was 44% the
size of the anode (232 cm2) but achieved significant power
generation using domestic wastewater. Rabaey et al. (2003)
used a system with a PEM that was 24% smaller than the
two equally sized electrodes (50 cm2) and achieved a power
density of 3,600 mW/m2 using glucose. Dentel et al. (2004)
used a sediment MFC with graphite foil electrodes (no Pt)
to treat wastewater sludges and found that the cathode
could be up to five times smaller than the anode to gen-
erate optimum power (0.02 mW, 200 cm2 anode). The ac-
tual surface area of an anode electrode is of course larger
than that of the projected surface area, and in some studies,
power densities have been reported based on using either
the projected surface area or the actual surface area (Park
and Zeikus 2000, 2003).

It has recently been demonstrated that removing the
PEM from an MFC can increase power output. Liu and
Logan (2004) found that removing the PEM in a direct-air
cathode MFC increased the maximum power density by a
factor of 1.9 for glucose and 5.2 for wastewater. Part of this
increase in power was attributed to an enhancement of the
proton flux from the anode to the cathode. This observation
on the effect of the PEM on power output, and the de-
pendence of the power density on the relative surface areas
of the anode and cathode, made it seem likely that the
surface area of the PEM was also an important factor in the
maximum power output achieved using aqueous types of
cathodes in two-chambered MFCs.

To obtain a better understanding of the contribution of
the PEM relative to the sizes of electrodes, we measured
maximum power densities in MFCs, having three different
PEM cross-sectional areas as a function of the relative
projected surface areas of the anode and cathode. Using
this data, we developed an equation that showed that the
maximum power in this system was well predicted by the
relative PEM, anode, and cathode surface areas. We also
examined two other factors that affect power density: the
use of ferricyanide at the cathode and the effect of ionic
strength.

Materials and methods

Culture and medium

Dewatered sludge from an anaerobic digester was used as
an inoculum in the anode compartment of the MFC. An-
aerobic sludge, wastewater from a primary clarifier, and
marine sediments have all been shown to be suitable bio-
catalysts for electricity production (Reimers et al. 2001; Liu
et al. 2003; Dentel et al. 2004; Liu and Logan 2004).
Dewatered sludge (85% water) was collected from the
Pennsylvania State University wastewater treatment plant
in State College, PA. Acetate (20 mM) was used as an
energy source in a nutrient solution (pH 7.0) (Oh et al.
2004). In some experiments, oxygen was removed from
the medium by continuous sparging with nitrogen gas. All
MFCs were operated at 30°C in a constant-temperature
room.

MFC construction and inoculation

Microbial fuel cells were constructed by joining two media
bottles (310 ml capacity, Corning Inc., New York) with
glass tubes having diameters suitable to hold the PEM
(Nafion 117, Dupont Co., Delaware) that was clamped be-
tween the flattened ends of the tubes fitted with two rubber
gaskets (Fig. 1). PEMs used in these reactors had cross-
sectional areas of 3.5, 6.2, or 30.6 cm2. The PEM was
pretreated by boiling in H2O2 (30%) and deionized (DI)
water followed by 0.5 M H2SO4 and DI water, each for
1 h, and then stored in DI water prior to being used. The
anode used was made of Toray carbon paper (without wet
proofing; E-Tek, USA), and the cathode was coated with a
Pt catalyst (0.5 mg/cm2, 10% Pt) on one side of the carbon
paper (De Nora North America, Inc.). Electrodes were
soaked in DI water for 1 day before tests. Copper wire
was inserted inside fluorinated ethylene propylene tubing
(Chemfluor FEP Tubing; inner diameter 0.8 mm) to con-
nect the circuit, and all exposed metal surfaces were sealed
with a nonconductive epoxy (Dexter Corp., New Jersey,
USA).

The anode and cathode compartments were filled with
the same medium (250 ml), and the anode compartment
was inoculated with sludge (2 g) and acetate (20 mM) in an
anaerobic glove box. The anode chamber was sealed with a
rubber stopper and cap. The apparatus was removed from
the glove box, and current was calculated by measuring the
voltage across a resistor (1,000 Ω unless stated otherwise)
using a multimeter. The distance between electrodes was
approximately 16 cm. Both chambers were mixed using a
magnetic stirrer. The cathode compartment was continu-
ously sparged with air in experiments where oxygen was
used. In some tests, potassium ferricyanide (0.5 g) was
used as the electron acceptor. Once the MFC demonstrated
a repeatable cycle of power generation, the anode was re-
moved and used in other systems with different-sized PEM
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(cross-sectional areas 3.5, 6.2, and 30.6 cm2) containing a
different-sized cathode (2–22.5 cm2). The different anode
sizes (2–22.5 cm2) were obtained by cutting the largest
anode to a smaller size in an anaerobic glove box and then
replacing the anode in the MFC. The electrode surface area
(geometric area) was assumed to be twice that of the
projected surface area of one side (i.e., the projected
surface area of each side). For each new anode, the MFC
was operated for 10–20 h to first obtain a stable voltage
result.

An Ag/AgCl reference electrode (0.195 V corrected to
a normal hydrogen electrode; NHE) was placed into the
anode or cathode compartments to determine individu-
al electrode potentials. To determine the effect of ionic
strength on power, KCl was added to the system, and the
voltage was recorded after it stabilized (usually 5–15 h).

Calculations

The system was monitored using a precision multimeter
and a data acquisition system (2700, Keithley, OH, USA),
with voltages recorded every 30 min. Power (P) was
calculated according to P=IV (I=V/R), where I (A) is the
current, V (V) is the voltage, and R (Ω) is resistance.
The coulombic efficiency, E (%), was calculated as E=
(CEx/CTh)×100, where CEx is the total coulombs calculated
by integrating the current measured at each time interval (i)

over time as CEx ¼
PT
i¼1

ðViti=R Þ . CTh , the theoretical

amount of coulombs that is available from complete ace-
tate oxidation, was calculated as CTh=F b M v, where F is
Faraday’s constant (96,485 C/mol e−), b is the number
of moles of electrons produced per mol of substrate
(8 mol e−/mol acetate), M is the acetate concentration
(mol/l), and v is the liquid volume (l). Power density curves
were obtained by measuring the voltages obtained with
eight to 11 different resistors (47–22,000 Ω as an external
load) after the current had stabilized (typically 5–15 min).

Conductivity was measured using the conductivity cell
(Thermo Orion 011010) and meter (Thermo Orion, Model
115). Impedance data were obtained using a Solartron 1287
electrochemical interface module (Solartron Analytical,
Hampshire, UK) connected to a Solartron 1255B frequen-
cy response analyzer and a personal computer. The magni-
tude of the sinusoidal potential perturbation applied across
the membrane was ±10 mV; impedance data were obtained
over a frequency range of 106–0.1 Hz. Z-plot and Z-view
software (Zview Version 2.1b) were used to control the
impedance and to analyze impedance data.

Acetate was analyzed using a gas chromatograph (GC)
(Agilent, 6890) equipped with a flame ionization detector
and a 30 m×0.32 mm×0.5 μm DB-FFAP fused-silica cap-
illary column. Samples were filtered through a 0.2-μm
pore-diameter membrane and acidified using formic acid

Fig. 1 The MFC, consisting of an anaerobic chamber (anode, right)
and aerobic chamber (cathode, left), connected by a glass bridge
containing a Nafion membrane. The cathode chamber is sparged
with air to provide dissolved oxygen to the cathode
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Fig. 2 a Three repetitive cycles
of electricity generation with
0.5 mM acetate (APEM=3.5 cm2,
R=1,000 Ω, and ACat=AAn=
22.5 cm2), where the lines
show the range of data used to
calculate average maximum
voltages (in the order shown) of
0.325±0.004, 0.325±0.003, and
0.323±0.002 V (±SD). b Elec-
tricity generation with 1.2 mM
acetate in the same system, but
with a colonized anode reinoc-
ulated with new electrodes. For
this cycle, the average maxi-
mum voltage was 0.316±0.003
V, with a coulombic efficiency
of 57.2%
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(0.65 M) before analysis. The temperature of the GC col-
umn was started at 60°C, increased by 20°C/min to 120°C,
and then 30°C/min to a final temperature of 240°C for
another 3 min. The temperatures of the injector and de-
tector were both 250°C. Helium was used as the carrier
gas at a constant pressure of 103 kPa.

Results and discussion

A repeatable cycle of electricity generation was readily
obtained with an MFC inoculated with bacteria present
in wastewater. After a stable voltage was obtained using
wastewater, the medium in the anode chamber was re-
placed with a defined medium containing acetate. Succes-
sive additions of acetate (0.5 mM) produced a repeatable
and rapid increase in cell voltage of 0.324±0.002 V (±SD,
based on three averages given in Fig. 2, with each average
based on 30–60 points as shown), followed by the eventual
decrease in voltage as the acetate was completely depleted.
The coulombic efficiency was also stable and was 59.8±
3.3% (n=3, using averages shown in Fig. 2). Similar results
were obtained in other experiments using the same system
and wastewater inocula from the same source. For exam-
ple, a system started with electrodes and acclimated to a
different wastewater inoculum produced a maximum volt-
age of 0.316±0.003 V, with a coulombic efficiency of
57.2%.

The power generated by this MFC did not increase in
proportion to anode surface area (AAn) when the cathode
and PEM sizes were kept constant. For example, when a
second electrode was added into an MFC having a stable
voltage of 0.32 V (1,000 Ω resistor for each electrode,
APEM=3.5 cm2; Fig. 3), the overall power output was not
doubled. The voltage of the new electrode reached 0.2 V
after 90 h, but the voltage of the original electrode de-
creased from 0.32 to 0.23 V. Overall, this is a decrease in
the power density (based on the anode surface area) of

55% (from 45.3 to 20.6 mW/m2). The observation that the
power did not double when the anode surface area was
doubled indicated that the surface areas of the PEM (APEM)
and/or the cathode (ACat) and/or the cathode (ACat) could
also affect power generation.

Effect of PEM, anode, and cathode surface areas
on power

To further explore the relationship between the electrode
and PEM surface areas and power output, the anode and
cathode surface areas were systematically decreased in
MFCs having PEM cross-sectional areas of 3.5, 6.2, or
30.6 cm2. For the smaller PEM (3.5 cm2), power did not
increase above 0.095 mW when the anode surface was
increased above 4.2 cm2 (ACat=22.5 cm2) (Fig. 4a). How-
ever, by using a larger PEM (30.6 cm2), the power for a
6.5-cm2 anode was increased by 184% (0.095 vs 0.27 mW)
compared to that obtained with the smaller PEM (ACat=
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Fig. 3 Voltage measured in an MFC when a new electrode is added
into an existing system containing an equal-sized anode. The anodes
are operated in parallel, with each anode containing a separate
1,000-Ω resistor hooked up to a single cathode (22.5 cm2)
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Fig. 4 Power generation as a function of anode (AAn=2–22.5 cm2,
ACat=22.5 cm2) (a) and cathode surface areas (ACat=2–22.5 cm2,
AAn=22.5 cm2) (b) for APEM=3.5 cm2 (1,000 Ω) and 30.6 cm2 (178
Ω). The circuit resistance was chosen so that it did not limit power
output (Pt-coated carbon cathode with dissolved oxygen). The lines
shown in the figure were predicted using Eq. (1). Error bars (±SD,
n=30–60 points based on maximum power under each condition)
are smaller than the symbol sizes
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22.5 cm2). Increasing the anode size from 6.5 to 22.5 cm2

(by 246%) further increased the power from 0.26 to
0.39 mW, or by 50% (Fig. 4a).

Increasing the cathode surface area relative to that of the
anode area consistently increased power output (Fig. 4b).
For the smaller PEM size, and a fixed anode surface area of
22.5 cm2, increasing the cathode surface area from 2 to
5.5 cm2 (by 175%) produced an increase in the power
from 0.02 to 0.06 mW (by 200%). Further increasing the
cathode surface area from 6 to 22.5 cm2 (by 350%) in-
creased power output by 58% (0.06–0.095 mW). For the
larger PEM, power (0.03–0.37 mW) increased with sur-
face area (2.1–22.5 cm2), showing that the power output
was proportional to cathode surface area when the PEM is
of a sufficient size for the system (Fig. 4b).

Maximum power densities with different cathodic
electron acceptors

In the above tests, the circuit load was fixed, and the
power measured was not necessarily the maximum power
achievable in the system. The maximum power and cur-
rent densities were obtained by varying the external circuit
load (47–22,000 Ω). Increasing the circuit resistance in-
creased the voltage and decreased the current. Greater
current was consistently obtained with the larger PEM. For
example, at 0.5 V, with dissolved oxygen at the cathode,
the current was 0.082 mA using the PEM with 3.5 cm2 vs
0.62 mA for the PEM with 30.6 cm2 (Fig. 5a). The max-
imum power densities with dissolved oxygen increased
with PEM surface area, with 0.1 mW for APEM=3.5 cm2

(1,000 Ω), 0.16 mW for APEM=6.2 cm2 (470 Ω), and
0.39 mW for APEM=30.6 cm2 (178 Ω) (Fig. 5b).

Ferricyanide increased the power generation by a factor
of 1.5–1.8 times compared to that obtained using dissolved
oxygen and a Pt carbon cathode, even for the larger-sized
PEMs (Fig. 5b). The maximum power generated with fer-
ricyanide was 0.17 mW (APEM=3.5 cm

2, 1,000 Ω), 0.3 mW
(APEM=6.2 cm2, 470 Ω), and 0.79 mW (APEM=30.6 cm2,
178 Ω). A similar increase in power density was previous-
ly reported by Oh et al. (2004) for a two-chambered MFC
having a fixed PEM surface area of APEM=3.5 cm2. They
concluded that the differences in the power densities,
achieved with the different cathode solutions (air and fer-
ricyanide), resulted from a greater mass transfer efficiency
using concentrated ferricyanide than that obtained with
dissolved oxygen.

The open circuit potential of the MFCs with different-
sized PEMs was similar, and in the range 0.742±0.025 V
(±SD, n=7). Thus, differences in the closed circuit volt-
ages generated by these systems resulted from differences
in internal resistance. The internal resistance of the MFCs
with different PEM sizes was examined using electro-
chemical impedence spectroscopy. With PEM surface areas
of 3.5, 6.2, and 30.6 cm2, the internal resistances were
1,110, 427, and 89.2 Ω, respectively (ACat=AAn=22.5 cm

2).
In contrast, the different electrode surface areas had a
relatively small effect on internal resistance. This latter

finding is consistent with previous results that showed that
electrodes sizes of 2–22.5 cm2 (a factor of 11.3) changed
the internal resistance by less than 2.2% (Oh et al. 2004).

The effect of the PEM size on maximum power can be
clearly seen in Fig. 6 based on a comparison of a system
with an equally sized electrode (ACat=AAn=22.5 cm2). As
the PEM size increased in the order 3.5 cm2, 6.2 cm2, and
30.6 cm2, the maximum power with dissolved oxygen
increased in the order 0.10±0.01 mW (1,000 Ω), 0.16±0.02
mW (470 Ω), and 0.39±0.03 mW (178 Ω), respectively.
The resistor varied for each point so that the maximum
power was produced. It can also be seen that power den-
sities were consistently greater with ferricyanide than with
dissolved oxygen for the same PEM size. However, using
the largest PEM with dissolved oxygen can produce more
power than that produced with ferricyanide and the small-
est PEM.

Power output normalized by anode area

For all conditions examined here using dissolved oxygen at
the cathode, the power density normalized to the anode
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surface area varied by an order of magnitude, or from 27 to
426 mW/m2. For a fixed anode surface of ACat=22.5 cm2,
for example, varying the PEM surface area produced power
densities of 45 mW/m2 (APEM=3.5 cm2), 68 mW/m2

(APEM=6.2 cm
2), and 190 mW/m2 (APEM=30.6 cm

2). Thus,
while power densities provide a useful method for the
comparison of power under fixed physical conditions in a
given MFC, power densities can be expected to vary for
other systems with different PEM and cathode surface
areas relative to that of the anode.

Power density is predictable based on electrode and
PEM surface areas

To demonstrate that the power output is predictable from
any combination of electrode and PEM surface areas, we
developed an equation to model power output as a function
of these surface areas. In developing this equation, we
observed that power output was most strongly correlated
to PEM size. However, the PEM size needed to be scaled
relative to the two different electrode sizes. Various math-
ematical functional forms of the power output in relation
to electrode and PEM surface areas were considered, but
we present only the best-fit case here (results obtained
with Curve fitter in SigmaPlot 2000 and Solver, MS Excel
2000). Using data in Fig. 4 and 5b for APEM=6.25 cm2

(all with dissolved oxygen at the cathode), the maximum
power output P (mW) was found to be well described by

P ¼ APEM

10; 000
�

126:6� ACat
APEM

� �0:439

1þ 0:155� APEM
AAn

� �h i2:45 : (1)

The fit of this equation to our experimental data is shown
in Fig. 7 on the basis of the magnitude of the power
obtained. Overall, there is relatively good agreement with
the model and experimental data. A comparison based on
individual anode and cathode surface areas, for the dif-
ferent PEM cross-sectional areas, shows that the fit is better
for the system with the smaller PEM than the one with the
larger PEM (Fig. 4).

While Eq. 1 is a completely empirical approach, and its
application is limited to the specific system developed here,
it can be used to model the response of the system as a
function of PEM and electrode surface areas. Using Eq. 1,
we find that when the cathode and anode surface areas are
equal to the PEM surface area, a condition, similar to that
used in hydrogen PEM fuel cells (i.e., 2ACat=APEM=2AAn),
the power density of the MFCs with the three different
PEM sizes (3.5, 6.2, and 30.6 cm2) was essentially the
same or 168±5 mW/m2 (normalized to the different anode
surface areas). Thus, our analysis, based on Eq. 1, suggests
that direct comparisons of power output between different
systems, normalized to anode surface area, is only mean-
ingful when both the PEM size and the electrodes all have
the same size. Systems that have relatively larger PEM
sizes than electrode sizes, for example, would be expected
to have larger power densities than those with equally sized
PEMs.

In many studies, the two electrodes have the same cross-
sectional area, but the area of the PEM is often smaller than
that of the electrodes (Park and Zeikus 2000; Park et al.
2001; Chaudhuri and Lovley 2003; Schröder et al. 2003;
Rabaey et al. 2003; Oh et al. 2004). For example, Bond and
Lovley (2003) reported a power density of 14.7 mW/m2

using electrodes with surface areas of 61.2 cm2, but their
PEM area was substantially smaller than that of the elec-
trodes (APEM<3.8 cm2, based on the outer diameter of the
tube holding the PEM). Our results therefore suggest that
power density in their study was limited by the small sur-
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face area of the PEM. Whether the maximum power can be
predicted to be increased in other studies cannot always be
determined, as the size of the PEM, relative to the elec-
trodes, is not always reported (Park and Zeikus 2000; Park
et al. 2001; Chaudhuri and Lovley 2003; Schröder et al.
2003; Rabaey et al. 2003). In addition, the generality of our
findings for other types of MFCs, such as those with air
cathode systems (Liu et al. 2003), is not known. However,
our results suggest that such comparisons of power gen-
eration, on the basis of relative electrode and PEM sizes,
will yield a better understanding of relative power densities
reported in these systems.

Effect of varying medium conductivity

Increasing the ionic strength of the medium can increase
power by increasing the conductivity of the solution, but
bacteria cannot grow well at very high ionic strengths. To
determine the effect of solution conductivity on power,
KCl was added separately to the anode and cathode cham-
bers to obtain different salt concentrations (Fig. 7). The
power was measured after voltage stabilization, with a
minimum operation time of 18–30 h at each concentration.
When KCl was added only to the anode chamber, a max-
imum power was achieved at 0.17 mW for 0.3 M of KCl
(Fig. 8a). At 0.5 M, the power decreased to 0.15 mW. At
KCl concentrations above 1 M, the power output imme-
diately decreased sharply, and did not stabilize, and con-
tinued to decrease over a period of 50 h (data not shown).
Similar results were obtained with the addition of KCl to
the cathode at concentrations of 0.3 M or less. However,
power did not decrease when KCl concentrations in the
cathode chamber were as large as 0.8 M because there was
no effect on bacteria when KCl was added to the cathode
chamber. The adverse effect of saline solutions on bacterial
growth is well known, but it is strain-specific. A concen-
tration of 0.75 M of KCl, for example, reduced the growth
of one strain of Salmonella by 43% (Hinton 1999). The
conductivity of the medium (no KCl addition) was ap-
proximately 10 mS/cm. Adding KCl up to 0.4 M in each
chamber decreased the internal resistance from 1,087 to
625 Ω, demonstrating that solution conductivity can limit
power generation (Fig. 8b).

Implications for power densities achievable in MFCs
in other systems

The two-chambered design examined here may not be as
cost-effective or as optimally designed as others MFCs, for
example, those that use an air cathode (Liu et al. 2003; Park
and Zeikus 2003; Liu and Logan 2004). Still, there is good
evidence that many factors will need to be tested and
resolved to obtain more efficient MFC designs. For ex-
ample, one issue not examined here was the spacing of the
electrodes and the PEM. Here, the PEM is situated at a
distance from both electrodes. In a one-compartment air-
cathode system designed by Liu et al. (2003), the PEM

was bonded directly onto the cathode, thus removing the
bulk fluid resistance for the cathode. With that design,
however, the MFC was constrained to have a PEM and
cathode of essentially the same size. Using that system, Liu
et al. (2003) obtained a maximum power density of
26 mW/m2, with continuous wastewater treatment, for a
system that had an ACat to AAn ratio of 1:2.3. In a different
system, where the PEM was also directly bonded to the
cathode, but the anode to cathode ratio was 1:1, they
obtained a similar result (28 mW/m2). This suggests that
the system was not limited by the anode surface area. By
removing the PEM, and thus, a major component of the
internal resistance of the system, they were able to in-
crease the maximum power density to 146 mW/m2 (under
batch conditions). Min and Logan (2004) developed a flat
plate system, where the two electrodes were placed on
either side of the PEM, and achieved a power output of 76
mW/m2 with continuous treatment of the wastewater. Al-
though the electrodes were closely spaced, power output
was not as large as that obtained with the PEM removed.
Thus, electrode spacing, in combination with the presence
or absence of the PEM, will be important issues in power
output. It is clear that the optimization of MFC power

0.0 0.2 0.4 0.6 0.8 1.0

P
ow

er
 (

m
W

)

0.00

0.05

0.10

0.15

0.20

Added only into the anode chamber
Added only into the cathode chamber

KCl concentration (M)

0.0 0.1 0.2 0.3 0.4 0.5 0.6

In
te

rn
al

 r
es

is
ta

nc
e 

(O
hm

)

200

400

600

800

1000

1200

C
on

du
ct

iv
ity

 (
m

S
/c

m
)

0

20

40

60

80

100

Internal resistance
Conductivity

A

B

Fig. 8 Effect of solution conductivity on power generation. a Power
produced in the MFC as a function of the concentration of KCl
added only into the anode or cathode chamber. b Total internal
resistance measured for the system, and conductivity of the solution,
as a function of KCl concentration [System conditions: Pt-coated
carbon cathode with dissolved oxygen; AAn=22.5 cm2, ACat=22.5
cm2, and APEM=3.5 cm2; and 1,000 Ω external resistor. Error bars
(±SD, n=30–60 points based on maximum power under each
condition) are smaller than the symbol sizes.]

168



densities will require greater attention to the relative sur-
face areas of the electrodes, and the internal resistance of
the system, to increase power output for a given reactor
design.
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