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Power generated by microbial fuel cells is computed as a
product of current passing through an external resistor
and voltage drop across this resistor. If the applied
resistance is very low, then high instantaneous power
generated by the cell is measured, which is not sustainable;
the cell cannot deliver that much power for long periods
of time. Since using small electrical resistors leads to
erroneous assessment of the capabilities of microbial fuel
cells, a question arises: what resistor should be used in
such measurements? To address this question, we

have defined the sustainable power as the steady state
of power delivery by a microbial fuel cell under a given set
of conditions and the maximum sustainable power as

the highest sustainable power that a microbial fuel cell
can deliver under a given set of conditions. Selecting the
external resistance that is associated with the maximum
sustainable power in a microbial fuel cell (MFC) is difficult
because the operator has limited influence on the main
factors that control power generation: the rate of charge
transfer at the current-limiting electrode and the potential
established across the fuel cell. The internal electrical
resistance of microbial fuel cells varies, and it depends on
the operational conditions of the fuel cell. We have
designed an empirical procedure to predict the maximum
sustainable power that can be generated by a microbial
fuel cell operated under a given set of conditions. Following
the procedure, we change the external resistors incre-
mentally, in steps of 500 Q every 10, 60, or 180 s and measure
the anode potential, the cathode potential, and the cell
current. Power generated in the microbial fuel cell that we
were using was limited by the anodic current. The

anodic potential was used to determine the condition
where the maximum sustainable power is obtained. The
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procedure is simple, microbial fuel cells can be characterized
within an hour, and the results of the measurements can
serve many purposes, such as: (1) estimating power
generation in various MFCs, (2) comparing power generation
in MFCs using different electroactive reactants, (3)
quantifying the effects of the operational regime on the
power generation in MFCs, and finally, (4) the purpose for
which the procedure was designed, optimizing the
performance of existing MFCs.

Introduction

The power generated by microbial fuel cells (MFCs) is
computed as the product of the cell potential and the current
in the external circuitry (I). The system (the fuel cell and the
external circuit) is at a steady state if the power generated
by the MFC equals the power consumption for an extended
time. At steady state, the power production is sustainable.
Because many steady states are possible, it is important to
define conditions for which the sustainable current reaches
a maximum and compute the maximum sustainable power
that can be generated by a microbial fuel cell.

When the anode and the cathode of a fuel cell are
connected through aresistor, current flows (2, 3). The current
is affected by the potential of the cell and by the electrical
resistance. The electrical resistance has two components:
external, the circuitry powered by the fuel cell, and internal,
the fuel cell itself (4). Initially, before the external circuit is
connected to the cell, the potential of the cell reflects the
thermodynamic equilibriums of the anodic and cathodic
reactions. If the external circuitry has a relatively low electrical
resistance, then the equilibrium potential of the cell initially
generates a high instantaneous electric current, higher than
the maximum sustainable rate of charge transfer to/from
the current-limiting electrode. As a result, the potential across
the cell decreases quickly and adjusts to the rate of charge
transfer to the current-limiting electrode, effectively de-
creasing the current in the external circuitry. However, if the
external circuitry has a relatively high electrical resistance,
then the equilibrium potential of the cell generates an electric
current lower than the maximum sustainable rate of charge
transfer to/from the current-limiting electrode. The potential
of the cell adjusts to the external resistance. In the latter
case, the power generation is sustainable but lower than it
could be if the resistance of the external circuit was lower.

Each factor involved in the computation of power
generated by a MFC—the cell potential and the current—
depends on many other factors, such as the chemistry,
concentrations of the reactants, and microbial activity, and
some of these factors cannot be controlled by the operator
(5—7). The cell can generate maximum power for a specific
combination of external and internal resistances only. The
external resistance can be controlled by the operator, but
the internal resistance is an inherent feature of the fuel cell,
and the operator cannot control it. Predicting the lowest
external resistance at which the MFC yields the maximum
sustainable power (MSP) from the circuit analysis is difficult
because many factors affecting the internal resistance are
difficult to quantify.

Most researchers studying MFCs make a point of esti-
mating the power generated by these devices; some just
measure the current by applying an arbitrarily selected
external resistance and measuring instantaneous current and
potential difference. Such instantaneous measurements
estimate the power generated at the time of the measurement,
but such data cannot be used to determine the maximum
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TABLE 1. Applied Resistor and Measured Current Values Found
in Contemporary MFC Literature

Applie? R)esistor Measured Current
Q

Reference (or Current Density)?
Liu et al. (76) 70-5000 0.2—2.2 A/m?
Man et al. (5) 1000 18—130 mA/m?
Chang et al. (77) 10 5 mA
Chaudhuri and Lovley (18) 1000 (31 mA/m?)
Jang et al. (19) 10—1000 2—0.4 mA
Bond and Lovley (20) 500 0.4 mA
Park and Zeikus (27) 300 14 mA
Lee et al. (22) 560 0.075—0.35 mA
Simon et al. (23) not listed (30—80 uA/cm?)
Pizzariello et al. (24) 100 000 (5.94 uA/ cm?)
Park et al. (25) 1000 0.08—-0.22 mA
Kim et al. (26) 1000 0.04 mA

2 Current densities are reported only if they are available.

sustainable power. Also, this approach does not allow for the
comparison of various devices and various operational
procedures because the choice of the external resistor is
arbitrary, and the power generated by the fuel cell is consistent
with that choice. Table 1 shows a selection of such measure-
ments extracted from the available literature.

To compare the power generated in various MFCs, it is
useful to start by standardizing the method of measuring the
power, so that the results and the fuel cells can be compared.
Selecting the external resistor is the most important task in
evaluating the power generated by a MFC, and it is the key
to determining the sustainable power generated by the MFC
(8). Once the electrodes are connected through an external
resistor, the cell potential decreases because of the limitations
imposed on the electrode reaction kinetics, on mass transfer,
and on charge-transfer processes at the current-limiting
electrode (the one of the two electrodes that exhibits the
slower charge-transfer kinetics). The decreasing cell potential
decreases the current flowing through the external circuit,
following Ohm’s equation, I = V/R. Figure 1 illustrates the
factors affecting the power generated by MFCs.

The power generated by the MFC is limited by (1) the
charge-transfer resistance to the electrode including kinetic
or mass transfer limitations or (2) the external resistance.
The effect of the internal mass transfer resistance is well-
known and is easy to understand. It can be demonstrated by
stirring the solution of electroactive species to increase
convection and the current. The effect of the external
resistance on the power generated by the MFC is more
complex and can be visualized by short-circuiting the
electrodes, which forces the cell to generate high power for
a very short time. Such elevated power generation is not
sustainable, and it decreases rapidly in time. This effect
highlights the need for a procedure to select the “correct”
resistance for determining the power generated by microbial
fuel cells.

The goal of this paper is to develop a procedure for
selecting the external resistance for microbial fuel cells that
ensures generation of the MSP. To demonstrate the utility
of this procedure, we have designed and operated a MFC
using Klebsiella pneumoniae oxidizing glucose in the anodic
compartment and the abiotic reduction of oxygen in the
cathodic compartment. The resistor for which the cell
generated MSP was selected empirically by changing the
resistances at a predefined rate (ohms per unit time) and
measuring potentials and currents.

Materials and Methods

Microbial Fuel Cell Components. The microbial fuel cell
used in our experiments is shown in Figure 2. The cell casing
was made out of polycarbonate and had anodic and cathodic

compartments separated by a cation exchange membrane
ESC-7000 (Electrolytica Corporation, 770-410-9166). Each
chamber had a working volume of 250 mL. A saturated
calomel electrode was used as a reference electrode (Fisher,
catalog no. 13-620-51) and was located in the cathodic
chamber of the MFC. J-cloths with thicknesses of 0.1 mm
(First Brands Corporation), which were located in front of
the cation exchange membrane, were used to protect the
cation exchange membrane from direct contact with the
electrodes and to minimize microbial growth on the cation
exchange membrane (2, 9). Feed and effluent tubing was
made of Neoprene (Cole-Parmer, catalog no. 148441). Glass
flow breakers located in feed lines were used to prevent
contamination.

Anodic Compartment. In the anodic compartment,
glucose is oxidized anaerobically by Klebsiella pneumoniae
(ATCC no. 700831) according to the following reaction

CeH,,04 + 6H,0 — 6CO, + 24H" + 24e” (1)

The microbial growth medium in the anodic compartment
had the following composition: 10 g/L tryptone, 5 g/L yeast
extract, 5 g/L sodium chloride, 9.12 g/L Na,HPO,, 1.75 g/L
KH,PO,, and 1 g/L glucose. Equation 1 illustrates the principle
of extracting electrons from organic substances. The growth
medium used in the MFC is a complex solution of nutrients,
and not only glucose but also organics in yeast extract and
tryptone are oxidized by the microorganisms. The anode
was made of reticulated vitreous carbon (RVC) connected to
graphite rods (Sigma-Aldrich, CAS no. 7782-42-5). The anodic
surface area for the 80-ppi RVC was approximately 0.4 m?,
calculated from the specifications given by the vendor.

Cathodic Compartment. The cathodic reaction was the
reduction of oxygen. The electrode potential, at standard
conditions, of the cathode was reported as 0.16 Vscg for the
following reaction

0, + 2H,0 + 4~ — 40H" @

The air electrode was used as the cathode. It was provided
courtesy of Dr. Neal Naimer of the Electric Fuel Corporation
of the Arotech Corporation (11). The electrode was composed
of two active layers of carbon bonded to each side of a current-
collecting screen made of nickel mesh (12). The electrode
uses oxygen in the gas or liquid phase and reduces it on the
electrode surface.

To prevent the pH from changing in the cathodic
compartment, we used a phosphate buffer (1.825 g/L of Na,-
HPO, and 0.35 g of KH,PO,) at a pH of 7.2. The surface area
of the cathode was 79 cm? (measured).

Fuel Cell Startup and Operating Conditions.
Preparation of Inoculum. One mL of a frozen stock culture
of K. pneumoniae was added to 100 mL of medium and was
allowed to grow overnight (18 h) at room temperature on a
rotary shaker (150 rpm).

MFC Preparation. The microbial fuel cell was cleaned
thoroughly in deionized water. The cation exchange mem-
brane was soaked in 1 M NaCl for at least 24 h before installing
in the cell. The cell was assembled as shown in Figure 2. Both
compartments were filled with deionized water (used to avoid
dry autoclaving). A rubber stopper was used to protect the
open port (used to house the reference electrode). The MFC
was autoclaved at 121 °C for at least 20 min. The rubber
stopper was removed, and a saturated calomel electrode
(SCE) was inserted. The water in the anodic and cathodic
compartments was drained, and the growth medium was
pumped into the anodic compartment of the cell while
phosphate buffer was pumped into the cathodic compart-
ment of the fuel cell.
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FIGURE 2. Microbial fuel cell used in the experiments (9).

Then, 60 mL of the K. pneumoniae stock culture was
inoculated into the cell, replacing 60 mL of the sterile medium.
The bacteria were allowed to grow in batch mode until the
anodic potential stabilized (~—450 mVscg). Sterile medium
was then pumped into the anodic compartment at a flow
rate of 0.3 mL/min for the duration of the experiments.

Measurement of Anodic and Cathodic Potentials and
Current in a Microbial Fuel Cell. The anodic and cathodic
potentials of our microbial fuel cell were measured against
asaturated calomel electrode (Fisher, catalogno. 13-620-51)
using a data logger (HP model no. 34970A) to store the
measured values regularly (every 10 s). A variable resistance
box (Ohm-Ranger, Ohmite Manufacturing Co.) was used to
select an applied external resistance for current measure-
ment. Figure 3 shows the circuit diagram for logging the
current and the anodic and cathodic potentials. The circuit
consists of two different wiring sections: one for the potential
measurement and one for the current measurement. For the
current measurement, the anode and the cathode are
connected to the current channel through a variable resistor
box in series. For potential measurement, the anode and
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cathode are connected to potential channels 1 and 2 of the
data logger, respectively, with the SCE connected to the
common terminal of the potential channels.

Evaluating Sustainable Power. To evaluate the sustain-
able power, we applied a decreasing resistance at a predefined
scan rate and measured the current and cell potentials for
each resistance. Later, the applied resistor, cell potential,
and current were used to calculate power, and we then
evaluated sustainable power from the results of these
measurements as shown below.

Example of Measurements and Computations. An
example measurement showing how current and cell po-
tential change with the external resistance is shown in Figure
4. The external resistance was changed stepwise in equal
time intervals. For practical reasons, we used an approxima-
tion to describe this steplike variation as a continuous change
of resistance with respect to time (dR/dt= 0.5 kQ/min, shown
by a dashed line).

The data used to predict sustainable power were produced
after the MFC reached a stable cell potential (~550 mV). The
different resistances were applied using an external resistor-
ranger (Ohm-Ranger, Ohmite Manufacturing Co.). The initial
external resistance was 10 kQ, and the resistance was
decreased by 0.5 kQ every minute (called the resistance scan
rate) until we reached 0.5 kQ2. The average current value at
each external resistance (over one minute) was used to
calculate power.

Using the initial anodic potential (Eoanodic) and anodic
potentials at each applied external resistance, we calculated
the relative decrease in anodic potential as follows

relative decrease in anode potential (%) =

Eo,anodic - Eanodic % 100 3)
Eo,anodic

The relative decrease in anode potential (RDAP) is used to
evaluate maximum sustainable power.
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Effect of the External Resistance Scan Rate on the
Sustainable Power. We repeated the measurements in Figure
4 starting at an initial external resistance of 10 kQ. We
tested external resistance scan rates of 0.5 kQ/10 s, and
0.5 kQ2/180 s.

Experimental Verification of the Computed Maximum
Sustainable Power. To verify that the maximum sustainable
power computed using our technique is consistent with the

Microbial fuel cell
FIGURE 3. Circuit diagram for logging the current and the anodic and cathodic potentials.

sustainable power evaluated by operating microbial fuel cells,
we operated a microbial fuel cell for weeks, applying different
resistors to verify the evaluated sustainable power. The
resistances selected were 6, 5, 4, 3.5, 3, 2.5, 2, 1.5, 1, 0.5, 0.25,
and 0.125 kQ2. We then operated our microbial fuel cell for
a long time period (generally greater than 6 h), applying a
single constant resistance, and measured the current and
anodic and cathodic potentials with respect to time.

Results and Discussion

From the data in Figure 4 we plotted potentials of the cathode
(Figure 5A), anode (Figure 5B), and cell (Figure 5C) and the
relative decrease in anode potential (Figure 5D) against the
external resistance. The cathodic potential was constant
(Figure 5A) at each external resistance, showing that the
current is limited by the anode (13). The cell potential
decreased significantly when we applied a resistance less
than 3 kQ (Figures 5B and 5C).

We used the relative decrease in anodic potential (RDAP)
to select the external resistor to measure the maximum
sustainable power of our microbial fuel cell (Figure 5D). When
external resistance is high, the RDAP increases linearly with
decreasing external resistance because the electron delivery
to the cathode is limited by external resistance (region B in
Figure 5D). However, when a low external resistance is
applied, the electron delivery to the cathode is limited by
kinetic and/or mass transfer (or internal resistance) (region
A in Figure 5D), and the RDAP increases linearly with
decreasing external resistance. However, the RDAP increases
linearly with decreased external resistance, with different
slopes, for external resistance limited or internal resistance
limited conditions (Figure 5D). The conditions where external
and internal resistance limitations are equal must be
somewhere between these two lines, which is presented as
a shaded area in Figure 5D (resistances between 2.5 and 4
kQ). When line A and line B intersect, we draw a horizontal
line from the intersection to estimate the external resistor
that allows us to measure sustainable power. Our experiments
showed that any external resistance between 2.5 and 4 kQ
provides very close power values (less than 20% difference
between them, so that the selection of an external resistor
between 2.5 and 4 kQ does not produce a significant error
on predicted sustainable power), but only the power gener-
ated when a 4 kQ resistor was used remained constant for
long period of time. Although our graphical procedure
predicted a 3.5 k< resistor to obtain sustainable power, we
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TABLE 2. Effect of the Rate of Change of External Resistance
on the Change in Sustainable Power®
Evaluated Maximum

Rate of Change Corresponding

of Resistance Sustainable Power Resistor
(kQ/time) (W) (kQ)
0.5 kQ/10 s 86 3kQ
0.5 kQ2/60 s 68 3.5 kQ
0.5 k©2/180 s 69 3.5 kQ

2 Although from the given graphical procedure we found an external
resistor value of 3—3.5 kQ that corresponds to a sustainable power,
experimentally we used a slightly higher external resistor (4 kQ2) to be
sure that the power is sustainable.

noticed that there was not any significant difference in powers
when we use 3.5 or 4 kQ resistors (less than 10% difference),
so we decided to select 4 kQ to measure power of our
microbial fuel cell by considering variations in microbial
activities in the fuel cell.

The resistance scan was started from a resistance of 10
kQ (Figures 4 and 5). We repeated the same measurements
(as shown in Figure 4) starting from 70 kQ and identified the
same maximum sustainable power (results not shown).

Effect of External Resistance Scan Rate on the Evaluated
Sustainable Power. Table 2 shows the evaluated sustainable
power and corresponding external resistance for different
resistance scan rates (0.5 kQ/10 s, 0.5 k/60 s, 0.5 kQ2/180
s). For lower external resistance scan rates, the difference
between predicted maximum sustainable power is very small
(1 uW). However, there is a 20% difference in the predicted
maximum sustainable powers between 0.5 kQ/10 s and 0.5
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kQ/60 s external resistance scan rates. This difference in
predicted maximum sustainable powers also justifies that
our selection of applied external resistance to measure
maximum sustainable power must be slightly higher from
the graphically predicted one.

Experimental Verification of the Evaluated Sustainable
Power. The maximum sustainable power of our microbial
fuel cell was evaluated from a 30 min experiment. This
sustainable power is 65.51 4W, which was measured using
a 4 kQ resistor. If this prediction is correct, then a resistance
value less than 4 kQ should cause a drop in cell current with
time. However, any resistance greater than 4 kQ should not
change the cell current; the current should remain constant
with respect to time. Figure 6 shows the temporal variation
of cell current for three applied external resistors: (1) an
external resistance less than the resistance able to maintain
a corresponding sustainable current or power (0.25 k<), (2)
an external resistance able to maintain a corresponding
sustainable current or power (4 kQ), and (3) an external
resistance that consumes less current or power than the cell
produces (6 k€2). When we used a 0.25 kQ resistor, there was
a significant, immediate, and continuous drop in current
and cell potential, while current and potential remained
constant over many hours when we used a 4 kQ resistor.
When we used a 6 kQ resistor, the cell current was below
maximum sustainable current.

We operated our microbial fuel cell for over 2 weeks,
applying various external resistances to verify the evaluated
sustainable power. We found that any resistance less than
that able to yield a corresponding maximum sustainable
current and power lowered the cell potential and current for
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0.125 kQ —0.24 +£0.23
4 kQ —0.02 £ 0.05
6 kQ —0.03 £ 0.09

a minimum of 4 h but that any resistance at or above the
resistance able to yield a corresponding sustainable current
and power did not change the cell potential and maintained
constant power. We then operated our microbial fuel cell for
16 h, applying a 4 kQ resistance, and found that current and
cell potential remained constant. This verified our sustainable
power predictions (performed within less than 30 min).

Table 3 shows the calculated slopes (temporal variation
of cell potentials) of the lines in Figure 6 between 5 and 200
min (calculated for every 30 min). A zero slope shows that
cell potential does not change with time, and a slope with
amagnitude lower than zero indicates that the cell potential
does change with time; the value shows the rate of the change.

Comparing the Maximum Sustainable Power with the
Maximum Power. The definition of sustainable power
implies that the power generated does not change with time
and the cell potential remains constant after applying the
external resistance. However, the sustainable power obtained
using higher resistances may be less than the maximum
sustainable power, as shown in Figure 7. The sustainable
power measurement at a resistance of 4 kQ was 61.51 yW.
The measurements in Figure 7 were taken 1 h after applying
the external resistance. Figure 7B shows that even after 1 h
the power in a microbial fuel cell continues to decrease when
the resistance is less than that which can maintain a
sustainable resistance.

The results in Figure 8 show that the power generated by
the MFC depended on the resistor, if the power was not
sustainable, as expected. The power also depended on the
time that the cell was allowed to equilibrate, which dem-
onstrates the transitional conditions and nonsustainable
power generation. Only when the external resistance was
large enough did the power generation reach a sustainable
level quickly. The lower the external resistance, the longer
the time needed for the cell to equilibrate and produce the
sustainable power. When a large, 6 kQ, resistor was used,
power generation was at a steady state after 10 s.
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FIGURE 7. (A) Current, cell potential, and power measurements in

amicrobial fuel cell (measured at t=1h). (B) Power measurements

in a microbial fuel cell with an applied external resistance of 1 kL.

Note that power continues to decrease even after 300 min of

continuous operation.

From Figure 8, the maximum power of the MFC was
estimated as 395 uW. However, the maximum sustainable
power of the microbial fuel cell was only 65 W, much smaller
(6 times) than the maximum power. Similar to our study, He
et al. recently measured the power of their microbial fuel cell
and reported the maximum power that occurred when a 66
Q resistor was applied (14). However, when they applied a
larger resistor, 100 €, the current decreased in time (Figure
3 in their paper). When they applied a 470 Q resistor, the
current did not change, showing the sustainable conditions.
These results corroborate our observations. In another study,
Schroder et al. changed the external resistance and measured
maximum power (similar to Figure 8) but did not test whether
the measured maximum was sustainable (15).

Note that the resistance corresponding to the sustainable
power evaluated from Figure 5D can be roughly estimated
from Figure 8. However, this takes a significantly longer time
(more than 12 h) and gives a rough estimate only. The
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s.

procedure developed in this paper evaluates the maximum
sustainable power in less than 30 min, highlighting its
easiness.

The procedure for evaluating the sustainable power
generated by microbial fuel cells can be executed in a short
time (less than 1 h), and the results have been verified in
long-term experiments (lasting more than 2 weeks).

The maximum sustainable power generated by microbial
fuel cells can be used to report the cell performance under
a defined set of operational conditions. Microbial fuel cells
characterized by maximum sustainable power can be
compared to each other.
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