
energies

Article

The Influence of External Load on the Performance of Microbial
Fuel Cells

Szymon Potrykus 1,2 , Luis Fernando León-Fernández 2 , Janusz Nieznański 1, Dariusz Karkosiński 1
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Abstract: In this work, the effect of the external load on the current and power generation, as well as
on the pollutant removal by microbial fuel cells (MFCs), has been studied by step-wise modifying the
external load. The load changes included a direct scan, in which the external resistance was increased
from 120 Ω to 3300 Ω, and a subsequent reverse scan, in which the external resistance was decreased
back to 120 Ω. The reduction in the current, experienced when increasing the external resistance,
was maintained even in the reverse scan when the external resistance was step-wise decreased.
Regarding the power exerted, when the external resistance was increased below the value of the
internal resistance, an enhancement in the power exerted was observed. However, when operating
near the value of the internal resistance, a stable power exerted of about 1.6 µW was reached. These
current and power responses can be explained by the change in population distribution, which
shifts to a more fermentative than electrogenic culture, as was confirmed by the population analyses.
Regarding the pollutant removal, the effluent chemical oxygen demand (COD) decreased when the
external resistance increased up to the internal resistance value. However, the effluent COD increased
when the external resistance was higher than the internal resistance. This behavior was maintained
in the reverse scan, which confirmed the modification in the microbial population of the MFC.

Keywords: microbial fuel cell; bioelectricity generation; external resistance

1. Introduction

The increasing world population and the rising standard of living are the main reasons
for the increase in energy demand. The rise in energy consumption is accompanied by
the deterioration of the natural environment. With the aim to protect the environment, a
number of steps have been taken to minimize the negative effects of energy production.
During the last few years, more attention has been focused on alternative energy sources
that are abundant and environment-friendly [1]. Unfortunately, energy production from
some renewable energy sources strongly depends on atmospheric conditions, which makes
the sources hardly appropriate for addressing peak demands. Because of this, continuous
energy supply cannot be ensured only by these sources, and novel renewable energy
technologies are required.

Amongst these novel renewable technologies, fuel cells are a particularly promising
option. The main advantage thereof over the most widespread renewable energy sources,
such as sunlight or wind energy, is the possibility of uninterrupted operation, owing to the
fact that energy production only depends on the fuel supply. Additionally, because of the
direct conversion of chemical energy into electricity, fuel cells offer higher efficiencies than
traditional generators or power units [2].
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An attractive category of fuel cells is microbial fuel cells (MFCs). In the MFCs, micro-
bial cultures can be involved in the processes of oxidation and reduction. In most cases, an
active microbial culture located at the anode oxidizes organic substrates releasing electrons
to the anode and protons to the liquid bulk. The electrons flow through an external electri-
cal circuit, generating an electric current, and the protons are transported to the cathode
through the membrane. At the cathode, the electrons and protons are used to reduce an
oxidant, usually oxygen [3]. The major limitation of MFC technology is its low-density
of power generation [4]. However, MFC power density can be increased by optimizing
operating conditions, such as COD, pH, flow rate, and temperature, or configuration op-
tions, such as the electrodic area and external resistance. [5–14]. One of the most relevant
variables is external resistance. This is because external resistance controls the current and
cell voltage exerted [15]. A high external resistance results in a high cell voltage and low
current; the opposite is observed when operating with low external resistance. According
to Jacobi’s Law, the maximum external power will be obtained when the external resistance
equals the internal resistance of the MFCs [16]. Taking into account that one of the main
problems of MFC technology is maximizing the power output, the study of the effect of
external resistance thereon is very relevant for engineers [17–19].

In the literature, it has been described as the effect of the external load over batch
operated MFCs [20]. However, for full-scale implementation, as well as for process autom-
atization, it is necessary to study the influence of the external load over MFCs operating in
the continuous mode. Thus, this paper focused on the study of the influence of external
resistance over the performance of MFCs. Attention was paid to electricity production, fuel
consumption, and the microorganism’s population of the anodic compartment.

2. Materials and Methods

In order to study the influence of the external load on the performance of an MFC
operating continuously, different external loads were connected to the MFC. These exper-
iments were carried out at a constant influent flow rate of 7.2 L/d. The initial external
resistance, 120 Ω, was step-wise increased to 560, 1000, 1500, 2200, 2700, and 3300 Ω in the
direct scan. After that, the value of the external resistance was step-wise decreased back to
the initial external value of 120 Ω. The duration of the entire experiment was 92 days.

2.1. Experimental Set-Up

In this work, a two-chambered MFC was used. Cathodic and anodic graphite plate
chambers were used, the volume of the cathodic and the anodic chambers were 0.5 cm3

and 0.95 cm3, respectively. The compartments of the MFC were separated by a Sterion®

proton exchange membrane (PEM), 180 µm thick, with an ion exchange capacity of 0.9–
0.02 meq g−1, ionic conductivity of 8 × 10−2 S/cm, and electronic conductivity of <10−10

S cm−1. As anodic and cathodic electrodes, Toray carbon papers TGPH-120 obtained from
E-TEK (Somerset, NJ, USA) were used. The projected superficial area of the anodic electrode
was 4.65 cm2, and that of the cathodic electrode was 2.85 cm2. The anodic and cathodic
electrodes contained 20% and 10% of Teflon, respectively, in order to improve their mechanical
properties, causing a very small drop in the electrochemical performance. A cathodic catalytic
layer of 0.5 mg Pt/cm2 loading was deposited, with the aim of enhancing the electrode
performance [21]. The electrodes and membranes were coupled as a membrane-electrode
assembly (MEA), which was performed according to the literature [5]. The cathode and the
anode were connected by means of an external resistance (Rext), which was modified in the
different experiments. The range of loads studied in this work was selected in order to include
the value of internal resistance, 2210 Ω, and values higher and lower than that of the internal
resistance. Because of this, the range from 120 Ω to 3300 Ω was selected—taking into account
the literature [22]. Figure 1 presents the set-up used in this work.
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Figure 1. Set-up configuration.

The anodic compartment was inoculated with an electrogenic culture, as previously
described in the literature [23]. The MFC used in this study was operated in a contin-
uous mode by feeding the anodic chamber with synthetic wastewater at a flow rate of
0.5 cm3/min. The substrates contained in the synthetic wastewater are presented in Table 1.
With the aim to ensure reproducible conditions, the synthetic wastewater was sterilized for
30 min at 105 ◦C [24]. An air-breathing cathode was used because of its high performance,
according to the literature [25].

Table 1. Composition of the synthetic wastewater.

Component Concentration (mg/L)

Fructose 161.0
Glucose 161.0

NaHCO3 111.0
(NH4)2SO4 74.2

KH2PO4 44.5
MgCl2 37.1
CaCl2 30.7

(NH4)2 Fe(SO4)2 3.1

2.2. Characterization Techniques

The MFC operation was continuously monitored by means of a digital multimeter
connected to the Rext. The potential (V) was directly related to the electrical current (I)
between the terminals of the external load by the Ohm’s law. The power was calculated
using the relation between I and V. In this set-up, the electrical current was generated
because of the anodic oxidation of the substrates contained in the synthetic wastewater fed
to the MFC. This oxidation process was monitored by determining the COD removal rate
(rCOD), measured as mg COD/h, and the COD removal percentage (% COD) [26]. These
parameters can be calculated according to Equations (1) and (2), respectively, where F is
the influent flow rate, ∆COD is the COD removed from the wastewater, and CODo is the
initial COD concentration of the wastewater, about 343 mg/L.

rCOD = F·∆COD (1)
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%COD =
∆COD
CODo

·100 (2)

The COD and volatile suspended solid (VSS) concentrations in the anodic effluent
were measured using spectrophotometric and gravimetric methods, respectively, according
to the literature [27]. The pH was determined by using a PCE-228 pH meter. The biomass
populations were characterized using Matrix-Assisted Laser Desorption/Ionization cou-
pled to a time of flight ion detector (MALDI-TOF) Axima Assurance from Shimadzu
(Kioto, Japan) equipment. The matrix solutions were prepared following the procedure
described in the literature [5]. Additionally, the concentrations of acetic, propionic, and
butyric acids in the effluents were determined by gas chromatography (Perkin Elmer) with
a flame ionization detector (FID), following the procedure described in the literature [28].

3. Results and Discussion

In this work, the influence of the external resistance on the electricity production,
fuel consumption, wastewater treatment capacity, and microbial culture population was
evaluated. For this, the external resistance was step-wise increased from 120 Ω to 560,
1000, 1500, 2200, 2700, and 3300 Ω. The external resistance of 3300 Ω was selected in order
to ensure that the upper limit of the resistance range is significantly above the internal
resistance of the MFC used in this study, the latter being about 2200 Ω. After that, the value
of the external resistance was step-wise decreased back to the initial resistance value of
120 Ω in order to analyze the effect of reducing the external resistance of the MFC.

With the aim of ensuring the reproducibility of the tests, each external resistance
value was kept in the MFC for 7 days in order to ensure a steady state response. Once the
response reached the steady state, the electrical performance of the MFC as well as the pH,
COD, and microorganisms’ concentration of the effluent were determined.

3.1. External Load Effect on Electricity Production

The influence of the external load over the electricity production was studied by taking
into account the current and power exerted.

3.1.1. Current Generated by the Cell

Figure 2 presents the electrical current exerted by the cell when operating at different
external loads. In order to ensure reproducibility, the results were recorded once they had
reached the steady-state response. In this figure, it can be observed that the current decreased
when the external load increased. This trend can be explained because the external load controls
the ratio between the current generation and the cell voltage [9]. In the literature, it has been
described that a high external resistance results in high cell voltages and low currents [18]. The
greatest changes were obtained when the resistance increased from 560 to 1500 Ω, reaching
a minimum current of 0.02 mA when an external resistance of 3300 Ω was applied. Once
the direct scan had been finished, a reverse scan was performed with the aim to compare the
intensity obtained when the external resistance was step-wise increased and then step-wise
decreased. During the reverse scan, contrary to the expectations, the intensity exerted by the
MFCs did not increase. The current was kept almost constant around 0.02 mA, independently
of the external resistance applied. Because of this, the current generated by the MFC for each
external resistance was higher in the direct than in the reverse scan. In other words, after
operation with high external loads, the exerted intensity decreased. This behavior indicated that
the system had irreversibly changed because of the exposition to high external resistances. This
change only could be explained by a change in population distribution. In the literature, it has
been suggested that external load changes influence the growth and population distribution in
the biotic compartments of the MFC [29]. In order to ratify this, the microbial population was
analyzed by means of MALDI-TOF, observing the apparition of Clostridium when the external
resistance increased. This behavior has also been identified in other recent research works [20].
These fermenter microorganisms present a higher growth rate, about 0.1 h−1 [30], than the
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electrogenic ones, about 0.05 h−1 [31], which could explain why the population did not return
to the initial conditions when the external resistance was decreased.
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Figure 2. Current exerted by the microbial fuel cells (MFC) at every external resistance.

3.1.2. Power Generated by the Cell

The Jacobi Theorem states that the maximum power can be obtained when the external
resistance equals the internal one. Jacobi published the maximum power transfer theorem
in 1840, establishing that the efficiency of the power transfer can be defined as indicated in
Equation (3). The efficiency is only 50% when the maximum power transfer is achieved,
but approaches 100% as the external resistance approaches infinity.

η =
RExternal

RExternal + RInternal
(3)

Because of this, a polarization curve was carried out to determine the internal resis-
tance of the MFC. From this analysis, the internal resistance was determined to be 2210 Ω.
In order to verify the Jacobi Theorem, Figure 3 presents the power generated at every
external resistance.

As can be seen in Figure 3, when increasing the external resistance from 120 to 560 Ω,
a great increment in power exerted was observed. The power exerted increased from 0.4
to 1.4·µW. Then, the subsequent step-wise increments in the external resistance slightly
increased the power exerted, reaching a maximum at about 2200 Ω, exerting 1.6 µW.
This value of the power exerted was the maximum value obtained with the MFC used
in this work, ratifying the Jacobi Theorem. When the external resistance was step-wise
decreased, a significant reduction in the power exerted was observed, from 1.6 to 0.05 µW.
It must be remarked that this behavior generated a hysteresis loop. Because of this, the
power exerted for each external resistance was always higher in the direct scan, when
the external resistance was step-wise increased, compared with operating in the reverse
scan, when the external resistance was step-wise decreased. In the literature, it has been
proposed that these changes could be explained by changes in the distribution of the
microbial population of the culture when the external load changed [17]. This change in
the microbial population could be the reason for a reduction in the power exerted after
the operation under high external resistance. In the literature, it has been described that
the differences observed in the anodic potentials when the MFC is operated at different
external loads act as a selection force for the different electrogenic microorganisms [32].
These changes in the microbial distribution could modify the activation losses and the
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internal resistance of the anode, which are a function of the electrochemical activity of the
anodic electrogenic microorganisms [33]. In this work, as described above, the microbial
population distribution changed after the experiments, showing significant growth of
fermenter microorganisms, mainly from the Clostridium genus.
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3.2. External Load Effect on Fuel Consumption

As the changes in the external resistance influenced the electrical performance of the
microbial culture of the MFC, we evaluated its influence over fuel consumption. It must be
stated that in this case, the fuel was the biodegradable substrates contained in the synthetic
wastewater. To evaluate the fuel consumption, the chemical oxygen demand (COD) of
the synthetic wastewater was determined before and after its reaction in the MFC. Figure
4 presents the COD removal as a function of the external resistance applied. As can be
seen, the fuel consumption slightly increased when the external resistance was increased
up to the value of the internal resistance of the MFC, namely 2200 Ω. However, when the
external resistance was higher than this value, the fuel consumption started to decrease.
This decrement was maintained, even when the external resistance values were decreased
during the reverse scan. Taking into account that electricity production also decreased, we
decided to determine the Coulombic efficiency (CE). CE is a measurement that indicates
the percentage of electron equivalents converted into electricity when oxidizing fuel in the
MFC. From the values of the CE obtained, it was observed that the CE decreased along
with the experiments. This behavior could be explained by changes in the population’s
distribution of the microbial culture previously described. In this case, the reduction
in the CE could be explained because the growth of non-electrogenic microorganisms
outcompetes the growth of the electrogenic ones.D
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In order to study the transformations of the fuel, the pH, fermentation product gener-
ation, and the biomass concentration in the effluent, measured as VSS, were determined
along with the experiments. In Figure 5, the VSS and pH as a function of external resistance
are shown.
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As can be seen in Figure 5, the effluent microorganisms’ concentration remained
unaltered when the external resistance was modified. However, taking into account that
the current generated at high external resistances was lower, it can be concluded that the
population shifted to a less electrogenic culture. With regards to pH, it plays a key role in
the MFC performance. This is because the pH affects the microbial metabolic reactions,
and could even stop the vital microbial functions if the microorganisms are exposed to
pH values out of their operational pH range [34]. Thus, most MFCs operate at a neutral
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pH to maximize microbial growth [35]. The pH can influence oxidative metabolisms and,
in turn, affect the proton generation mechanisms and the electron transference to the
electrode [36]. In Figure 5, it can be seen that the pH was maintained at a constant, around
6.3, when the external resistance was lower than 2200 Ω; this pH is an optimal pH for
the growth of the electrogenic microorganisms. Then, when the external resistance was
increased over 2200 Ω, the pH decreased until 5.8. These results indicate an enhancement
of acidogenic metabolisms when the external resistance overcomes the value of the internal
one, 2200 Ω. Then, in the reverse scan, when the external resistance was decreased from
3300 to 120 Ω, the pH was maintained at acidic values, out of the optimum range of
the electrogenic microorganisms. This behavior could be explained by the development
of acidogenic microorganisms, which released volatile fatty acids (VFA) as result of the
acidogenic fermentation of the substrate, mainly when operating at an external resistance
higher than the internal one. These results indicate an irreversible change in the population
distribution during the direct scan, which was maintained even during the reverse scan.
This hypothesis was ratified by the MALDI-TOF analysis previously performed, which
identified the appearance of Clostridium microorganisms when the value of the external
resistance overcame the value of the internal one.

In the literature, Pinto and al. predicted that the development of an electroactive
microbial culture could only be achieved when the external resistance value was under the
value of the internal one. In this way, the lower values of the external resistance facilitated
the electron transfer process, assisting the development of the electrogenic culture [37]. In
contrast, high values of external resistance facilitate the development of non-electrogenic
cultures. To verify this hypothesis, the VFAs released to the liquid bulk were analyzed.

Finally, in order to determine if VFA generation caused the drop of pH, the effluent
VFA concentration was determined. From the analysis, acetic and propionic acid were
identified as the main VFAs contained in the anodic effluent. In Figure 6, the VFA concen-
trations for each external load studied are presented. The acetic acid concentration was
very similar, about 0.8 mM, for all of the external loads studied. However, the propionic
acid concentration significantly increased from 0 to 0.6 mM when the external resistance
was increased. Then, when the external resistance was decreased, a slight reduction in
the propionic concentration was observed. As a result, an increasing and then slightly
decreasing VFA concentration was observed, as presented in Figure 6. The increase in the
VFA concentration, and its dissociation, explained the observed pH drop [28].

Figures 5 and 6 show that the increment of external resistance facilitated the acidogenic
metabolisms, enhancing the growth of fermentative microorganisms without electricity
generation. In the literature, Rismani-Yazdi et al. observed that the total VFA concentration
of the anolyte increased with the increase in the external resistance, yielding the highest
VFA concentrations when operating with the maximum external resistance [33]. These
observations also agree qualitatively with microbial population modeling and experimental
works previously published by Picioreanu et al., which showed that an increased external
resistance favors the growth of the anaerobic microorganisms [38,39]. The increased
production of VFA indicates a shift from an electrogenic culture to a fermentative one
when the system operates under higher external resistances. This could be explained by
taking into account that the higher the external resistance, the more difficult the electron
transference to the anode and, therefore, the lower the electron transfer rate. This difficulty
causes a lower growth rate for the electrogenic microorganisms, which was reflected in the
lower current and the electrical energy generation [18].

In order to identify the electrogenic and non-electrogenic contributions to the fuel
consumption in the MFCs, a mass fuel balance based on COD measurements was carried
out. Taking into account the influent COD, the effluent COD, and considering the VFA COD
contribution to the effluent, the net fuel consumption in the electrogenic and fermentative
metabolisms was determined. In Figure 6, the different COD contributions are presented
as a function of external resistance.
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As explained above, the effluent COD decreased when increasing the external re-
sistance. On the one hand, the raw substrate COD in the effluent decreased from 200 to
100 mg O2/L when the external resistance increased from 120 to 3300 Ω, because of the con-
tribution of the fermentative non-electrogenic metabolisms. The fermentative metabolisms
consumed a significant amount of COD, but also released VFA, contributing to the COD
of the liquid bulk. In Figure 6, it is shown that the VFA contribution to the effluent COD
increased when the external resistance of the system increased.

Thus, it can be concluded that the increment of external resistance causes an increment
of VFA production, and a decrease in the effluent substrate concentration because of the
contribution of non-electrogenic fermentative culture.

In order to evaluate the net fuel consumption, the substrate removal rate was calculated,
ranging in values from 3 to 4.5 mg/h when the external resistance was increased from 120
to 3300 Ω. This increase can be explained by the non-electrogenic metabolisms observed at
higher external resistances. Hence, the maximum pollutant removal from the wastewater
of the MFC was obtained when operating at the highest external resistance. However, these
operational conditions do not allow the system to reach the highest electricity generation.

4. Conclusions

From the results obtained within this study, the following conclusions can be drawn.
The external load has a significant effect on population distribution in MFCs. High external
resistance results in the evolution of the microbial population from a more electrogenic to
a more fermentative microbial culture. This modification in the population distribution
affects all of the operational variables, and is mainly reflected in the current density exerted,
which decreased from 0.06 to 0.02 mA. Regarding the power exerted, the system essentially
behaves as predicted by the Jacobi Theorem, although the peak in power production was
obtained for a wide range of load resistances, from 1000 to 3000 Ω, instead of being located
at the point where the external and internal resistances meet. Finally, regarding the fuel
consumption, its value was virtually independent of the external resistance, although a
slight decrease was observed after operation at a high external resistance. Considering
that the electricity production significantly decreases when external resistance increases,
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while the fuel consumption decreases only slightly, the system exhibits a lower electrical
efficiency after operation at a high external resistance.
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