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� Demonstrates for the first time how
active harvesting affects MFCs.

� Harvesting significantly improves
performance in all operation points.

� Different goals lead to different
operation strategies.
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Microbial fuel cells (MFCs) can be effective power sources for remote sensing, wastewater treatment and
environmental remediation, but their performance needs significant improvement. This study system-
atically analyzes how active harvesting using electrical circuits increased MFC system outputs as
compared to passive resistors not only in the traditional maximal power point (MPP) but also in other
desired operating points such as the maximum current point (MCP) and the maximum voltage point
(MVP). Results show that active harvesting in MPP increased power output by 81e375% and active
harvesting in MCP increased Coulombic efficiency by 207e805% compared with resisters operated at the
same points. The cyclic voltammograms revealed redox potential shifts and supported the performance
data. The findings demonstrate that active harvesting is a very effective approach to improve MFC
performance across different operating points.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Microbial fuel cells (MFCs) employ electroactive bacteria to
produce direct electrical current from biodegradable substrates and
demonstrate great potentials for energy-positive wastewater
n).
treatment, remote sensing, and environmental remediation [1e5].
Despite great advancements on reactor configurations, materials,
and operations, the power density of a single MFC reactor still
ranges betweenmWm�2 andWm�2, which is not enough for real-
world applications [6]. Higher power may be obtained by con-
necting multiple MFCs in series or parallel, but the operation is
challenging and performance is unstable due to voltage reversal
and other problems associated with the non-linear nature of bio-
logical systems [7e11].
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Maximum power point (MPP) tracking and power management
systems (PMS) have been used for MFC research and development,
and reported methods include perturbation and observation [12],
multiunit monolithic system [13,14], hysteresis controller, syn-
chronous flyback converter, and transformer [8,9,15,16]. Many of
these methods reported improved power production especially
when using pulsed active energy harvesting approach because they
are able to provide real-time energy tracking and capturing and
therefore maximize power output. For example, Wang et al. re-
ported that hysteresis controller based MPP circuit was able to
harvest 76 times more energy than a charge pump and increase
Coulombic Efficiency by 21 times [16]. New integrated circuits and
chips significantly reduced volume and energy consumption of the
controller and therefore increased energy harvesting efficiency and
enabled self-sustaining operation [5,14]. However, MPP may not be
the best operating point for all applications. For fuel and chemical
productions from microbial electrolysis cells or water desalination
frommicrobial desalination cells, maximum current point (MCP) is
generally preferred because higher current can drive faster chem-
ical production or ion separation (Fig. 1) [6,17,18]. For MFCs used in
wastewater treatment, the primary goal may not be high power
output either depending on operation stages, because for efficient
organic removal higher current is desired. Therefore, in reality a
balance in operation needs to be considered whether to operate the
system at the MPP for maximum power output or at the MCP for
faster substrate oxidation.

To our best knowledge no study has investigated how active
harvesting at different regions (high power, high current, or high
voltage) affects MFC electrochemical performance and substrate
conversion efficiency, and very limited information is available on
comparing system performance under active harvesting or tradi-
tional resister-based operation. Previous studies showed that pas-
sive loads did impact the anode biofilm thickness and community
structure by influencing the anode potential [19,20], but the elec-
trochemical performance such as power production could maintain
stable once biofilm reached to a level of electron transfer capability.
In contrast, the pulse-shaped power extraction uses power elec-
tronic converters with high frequency therefore could lead to swifts
in microbial electron transfer processes and anode biofilm change
[6]. In this study, we investigated extensively how different energy
harvesting scenarios including both active harvesting and passive
resistor loads affect MFC electrochemical performance and associ-
ated microbial activities. System behavior at three operating points
including high power, high current, and high voltage were analyzed
in different harvesting conditions, and the implications of how
harvesting affect MFC operation are discussed.
Fig. 1. The power density curve obtained in an MFC operated under a 1000 U external
resistance. This curve shows the typical Stage I operation and was used to determine
different operational points (MPP, MCP, MVP).
2. Materials and methods

2.1. MFC construction and operation in two stages

Cubic single-chamber MFCs were constructed using poly-
carbonate, and the empty volume of the MFC chamber was 28 mL.
Each MFC reactor contained a heat-treated graphite brush as the
anode and a carbon cloth air-cathode (7 cm2, Fuel Cell Earth) with
manufacturing procedure described in previous studies [21,22].
Diluted brewery wastewater from Avery Brewery (Boulder, CO) was
used as the sole substrate during the experiment, and 50 mM
phosphate buffer solution (PBS, NaH2PO4$2H2O 3.32 g L�1; Na2H-
PO4$12H2O 10.32 g L�1; NH4Cl 0.31 g L�1; KCl 0.13 g L�1) was used
for the 1:10 dilution [23]. The final substrate electrolyte used in the
study contained 1800mgL�1 COD, 938mgL�1 TKN, and 1860mgL�1

PO4
3-. All MFCs were run in duplicate in batch mode at room tem-

perature, and fresh medium was refilled at the end of each batch
cycle.

The experiment was divided in two stages. In stage I, all 10 re-
actors were operated under the same condition with an external
resistance of 1000 U. This stage lasted for 2 months until similar
performance was obtained which indicate the establishment of a
baseline for further research. Using the power density curves
derived from linear sweeping voltammetry (LSV) from each MFC
reactor at the end of stage I, the key operating points of maximum
current points (MCP), maximum voltage points (MVP) and
maximum power points (MPP) were identified for phase II opera-
tion. In phase II, the reactors were divided in 5 groups. Each group
has duplicate reactors and was operated in one of the following
scenarios: maximum power with active energy harvesting (MPP-
H), maximum current with active energy harvesting (MCP-H),
maximum power with passive resistor (MPP-R), maximum current
with passive resistor (MCP-R), and maximum voltage with passive
resistor (MVP-R) (Fig. 1).

For the passive energy harvesting conditions, the operating re-
sistors were determined by dividing voltagewith current at desired
points on the power density curve. Specifically, the external re-
sistors used in MVP-R, MPP-R, and MCP-R scenarios were 2.2 kU,
150 U, and 33 U, respectively. For active harvesting scenarios, MPP-
H and MCP-H circuits were controlled by operating voltages that
were determined during phase I operation (Fig. 1).

The energy circuit used in this study was the bq25505 (Texas
Instruments Inc.), which is an integrated energy harvesting Nano-
Power management circuit, specifically designed to efficiently ac-
quire and manage the microwatts (mW) to milliwatts (mW) of po-
wer generated from a variety of high output impedance (Hi-Z) DC
sources with a highly efficient, pulse-frequency modulated (PFM)
boost converter/charger. Embedded in the integrated circuit, a
programmable maximum power point tracking (MPPT) keeps
sampling the open circuit input voltage every 16 s by disabling the
boost converter for 256 ms and stores the programmed MPP ratio
of the open circuit voltage on the external reference capacitor at
VREF_SAMP. In this study, we adjusted the programmable MPPT to
set VREF-SAMP to be at either VMPP ¼ 300 mV (MPP-H) or
VMCP ¼ 100 mV (MCP-H) showed in Fig. 1, and this control was able
to maintain a constant MFC voltage. Since the maximum current
would be given at 0 V, the approximation of VMCP ¼ 100 mV was
used to give highest current controlled possible by the energy
harvester circuit. The energy extracted from eachMFCwas stored in
polymer lithium ion batteries (840 mAh, SparkFun Electronics®).

2.2. Analyses

The individual potential of each anode and cathode was
measured each batch using Ag/AgCl reference electrodes (RE-
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5B, þ0.210 V versus standard hydrogen electrode, 25 �C). Reactor
voltages were recorded using a data acquisition system (Keithley,
OH). Cyclic voltammetry (CV) was performed before and after batch
operations in different stages. The potential range for CV was
determined as �0.7 to 0 V vs. Ag/AgCl according to previous results
and the scan rate was 1 mVs�1 [24]. First derivative CV (DCV) was
derived from turnover CV to determine the changes in each peak
value. The main oxidation peak in DCV was fitted to Guassian
function to separate overlapped peaks. LSV tests were performed
using the same potentiostat with a scan rate of 1 mVs�1 with either
the anode or the cathode as the working electrode depending on
characterization purposes.

Chemical oxygen demand (COD) before and after each batchwas
measured using the standard method with a spectrophotometer
(DR 3900, Hach Co., Loveland, CO, USA). Coulombic efficiency was
determined using Equation (1), whereM¼ 32 (molecular weight of
oxygen), F is faraday constant, b ¼ 4 is the number of electrons
exchanged per mole of oxygen, van is the liquid volume of anode
compartment, and DCOD is the change in COD over time [25,26].

CE ¼
M
Z t

0
Idt

FbvanDCOD
(1)
3. Results and discussion

3.1. Variations of MFC voltage, current, and electrode potentials in
different conditions

Fig. 2AeE summarizes the profiles of MFCs operated in different
stages and different harvesting conditions. Similar profiles were
observed across all MFCs in the first 60 days (Stage I), in which all
reactors were operated in the same condition of 1000 U external
resistor. The reactors showed typical batch cycles of 3.5 days with
the maximum MFC voltage of ~430 mV, the maximum current of
~0.43 mA, the lowest anode potential of �460 mV and the
maximum cathode potential of 180 mV. The maximum power
density achieved ranged from 598 mW m�2 to 844 mW m�2

(average 739 mW m�2) among 10 reactors.
Starting from day 61, the reactors are divided into 5 groups as

aforementioned (MPP-H, MPP-R, MCP-H, MCP-R, and MVP-R), and
different profiles in voltage, current, and electrode potentials are
shown in Fig. 2AeE. For the reactors operated in the maximum
power point, stable voltage, current, and anode and cathode po-
tentials were generated under theMPP-H condition (Fig. 2A). This is
due to the dynamic control of harvesting voltage around 300mV by
the energy harvesting circuit through pulse frequency modulation.
As shown in Fig. 3A, under the active control, the MFC voltage was
regulated to increase until 312 mV and decrease until 256 mV in
high frequency. This harvesting approach enables real time feed-
back of the MFC's MPP changes during operation and adjusts har-
vesting condition accordingly. Since the MFC voltage was
controlled to be constant, the MFC current was the one indicating
the MFC batch cycle, which varied between around 1.3 mA and
0.7 mA. The MPP-H batch cycles were 24 h each in order to stay in
the maximum power area of the power density curve. In contrast,
the outputs from MPP-R varied significantly within each batch,
with voltage changed from 20 to 280 mV and current fluctuated
from 0.1 mA to 1.8 mA (Fig. 2B). While such fluctuation is
commonly observed in fed-batch MFC studies, it does reduce en-
ergy output and system stability compared with circuit harvesting
(Fig. 4).

For reactors operated at the maximum current point, similar
trends were observed. Fig. 2C shows that the MCP-H circuit
controlled MFC voltage to stable at around 100 mV, and stable
anode and cathode potentials were maintained throughout the
operation. The MCP-H MFC current varied between 3.0 mA and
2.0 mA in each 24-hour batch cycle. The difference in redox po-
tentials between the anode and the cathode (100 mV) was much
smaller than the MPP-H (300 mV), which is understandable
considering the MFC was operated at the highest current and low
voltage condition. Fig. 3B shows the MFC voltage being controlled
in high frequency and varied between 132 mV and 24 mV, indi-
cating a higher ripple than the MPP-H voltage. This is due to the
high difficulty in controlling the low voltage by the nanopower
harvester circuit. The MCP-R reactors started with a maximum
voltage of ~30mV but the performance dropped significantly in the
following cycles in both reactors. While the anode potentials
maintained normal, the air-cathode potentials dropped signifi-
cantly, led to reactor failure. Cleaning and replacing the cathodes
resumed current generation but the voltage output still showed
high fluctuation.

The MVP-R reactor was operated at the maximum voltage point
(Fig. 2E), which serves as a control reactor because such operation is
not desired in practical applications due to its low current (slow
organic removal) and low power output (low energy generation).
The reactor showed stable performance in longer batch cycles
(72 h) due to slow electron transfer. The maximum voltage ob-
tained was 525 mV and the maximum current was 0.25 mA.

3.2. Variations of substrate utilization and energy recovery

Fig. 4 summarizes the performance of different MFCs in terms of
COD removal, Coulombic efficiency, and power generation. Overall
reactors with active harvesting showed superior performance than
those with resistors, but the differences vary depending on the
operation. As a baseline, in stage I theMFCs showed consistent COD
removal of 95% ± 1%, protein removal of 90% ± 10%, coulombic ef-
ficiency of 14% and an average power 108 mWm�2, and each batch
cycle lasted for 3.5 days (80 h).

Because different harvesting scenarios led to various speeds of
substrate conversion to currents, different durations of batch tests
were conducted to characterize the degradation and energy re-
covery. The most efficient reactors for the conversion including
MPP-H, MCP-H, andMCP-Rwere tested in 24-hour batch operation,
and MPP-H showed higher COD removal (90%), which was 8% and
32% higher thanMCP-H andMCP-R, respectively (Fig. 4A). Operated
at the high power point, the MPP-H also showed much higher
power generation than the other reactors (Fig. 4C). On the other
hand, the MCP-H showed higher CE than MPP-H and MCP-R, which
is consistent with the purpose of high current recovery in MCP
operation (Fig. 4B). The performance of MCP-R fluctuated signifi-
cantly as aforementioned, so the data obtained may not reflect the
true potential of those reactors.

In 48-h batch tests, the results from the reactors also supported
the hypothesized performance. For reactors operated at the
maximum power points, both MPP-H and MPP-R showed good
COD removal (95%) (Fig. 4A), which was slightly higher than MCP-
H. However, because MPP-H extracted more electrons, it showed
higher CE than MPP-R, which also resulted in much higher power
generation (Fig. 4B and C). ForMCP-H, similar as 24-hour batch test,
it recoveredmuchmore electrons from COD and therefore achieved
the highest CE among the reactors. While similar COD removals
were observed in MPP-H and MCP-H reactors in 24-hour and 48-
hour batches, the CE obtained in 48-hour operation were approx-
imately doubled compared with the 24-hour batches. Also,
compared with the performance obtained in Stage I, MPP-H oper-
ation improved CE by 47e77% (average 62%), MCP-H increased CE



Fig. 2. Time-course profiles of MFC voltage (blue), MFC current (green), anode potential (red) and cathode potential (purple) profiles for (A) MPP-H, (B) MPP-R, (C) MCP-H, (D) MCP-
R, and (E) MVP-R. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The harvesting circuit controlled MFC voltages for (A) MPP-H and (B) MCP-H.
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by 67e88% (average 78%), and MPP-R increased CE by 66%. The
MVP-R also achieved 95% removal but it took much longer opera-
tion (72-hour cycle), and the CE and power generationwas very low
compared with other operations.

3.3. Redox potential shifts in cyclic voltammograms

Turnover cyclic voltammetry was performed in different stages
of MFC operation to reveal the potential changes in microbial
electrochemical activities [27]. Fig. 5AeE shows the temporal
changes of cyclic voltammograms in each of the operation condi-
tion on day 60 (Stage I, all operated under 1000 U), day 90 (30 days
after shifted to respective harvesting regimes in stage II), and day
114 (54 days after shifted to respective harvesting regimes in stage
II).

All curves in stage I are similar with midpoint potentials at
380 ± 20 mV and currents at 3.5 ± 0.5 mA. The peaks mean the
highest electron transfer rate. The duplicate reactors showed
similar profiles so only one profile is shown in Fig. 5. Figs. S1e5
shows the first derivative of CVs (DCVs) for all the scenarios,
which indicates more clearly themidpoint potentials. Themidpoint
potential on the oxidation curve indicates the redox reaction and
electron transfer occurred at the anode at that potential.

When the reactors were switched to different harvesting



Fig. 4. (A) COD removal, (B) Coulombic Efficiency, and (C) Power Production from reactors operated in different conditions. Different durations of batch cycles were used and
indicated in the graph to reflect the conversion rate differences among reactors.
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regimes, the redox reaction profiles changed very differently. The
MPP-H reactors showed the highest power output among all re-
actors, and its midpoint potential shifted negatively from�380 mV
to �400 mV by day 90 and further down to �450 mV by day 114.
The corresponding peak current almost tripled from increased
3.5 mA in stage I to 9.8 mA on day 90, and it further increased to
15 mA by day 114. This trend indicates a clear increase in electron
transfer rate which is supported by other results as well.

Current increase was also observed in MPP-R reactors but to a
lesser scale. The peak current increased from 3.2 mA to 5.5 mA,
which was accompanied by the shift of midpoint potential
from �380 mV to �400 mV. Interestingly, the CV profile at day 114
showed the limited current never reached a plateau, indicating a
midpoint potential could not be identified. This has been reported
before and was hypothesized due to the mix of electroactive
cytochromes with different midpoint potentials involved in elec-
tron transfers especially in mixed culture biofilms. Other studies
also suggested if the dominant species is Shewanella, the electron
transfer may happen at the midpoint potential higher than the scan
range [28]. However, it is unlikely that Shewanella was the domi-
nant species in this study, because even though microbial com-
munity was not analyzed, the same inoculum was used in our
recent study and Geobacter spp. was found to be the main elec-
troactive bacterial species [24].

For MCP-H, higher anode midpoint oxidation potential was
observed, which is consistent with reference electrode measure-
ment. The current in Stage II was higher than stage I but not
significant as compared with MPP-H. For MCP-R and MVP-R the
midpoint potential shifted negatively at the beginning of stage II
(from �400 mV to �450 mV), but it kept stable since after.



Fig. 5. Cyclic voltammetry profiles of (A) MPP-H, (B), MPP-R, (C) MCP-H, (D) MCP-R, (E) MVP-R in different stages and operational points.
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However, the current decreased in both cases, indicating slower
electron transfer by the biofilm. For MCP- R the CV did show
higher current (8.2 mA) at a similar midpoint potential, because
the resistor was changed from 1000 U to 33 U.Similar results were
reported in DCVs by previous studies [29] when reactors were
acclimated with high resistance but switched to lower resistance.
For MVP-R, it was not clear why the initial current increased after
the resistor changed from 1000 U to 2200 U, but after stabilization
the end point current dropped to a similar point as the one in
Stage I. The narrower and more negative midpoint potentials
presented in MVP-R (2200 U) DCVs were also observed in DVCs in
our previous study when using high external resistors (Figs. S5B
and S5C) [29].

The MPP-H condition showed very high current peaks over a
narrow anode potential range (�500 mV to �400 mV). This is
because the anode potential in MPP-H was maintained
between �400 mV and �380 mV by the harvesting circuit. Simi-
larly, MCP-H peak was over broader and positive anode potential
range (�473 mV to �330 mV) than MPP-H, with the circuit con-
trolling the anode potential between �220 mV and �340 mV.
These voltammogram profiles are very similar as the CV graphs
shown by Commault, et al., [30] when they fixed the anode po-
tential at �0.25 V. The control of MFC voltage via energy har-
vesting generates a mechanism to stabilize the redox potentials
closer to the set anode potentials and therefore resulted in nar-
rower fluctuation as compared with the self-regulated resister
scenarios.

3.4. Active harvesting indeed boosted electron transfer and system
performance

Table 1 summarizes the average performance data of different
reactors operated in various harvesting conditions. It is clear that
active harvesting approach significantly increased system output
no matter which operational point was desired. For reactors oper-
ated at MPP, the MPP-H showed the highest power of 0.38 mW,
which was 81% higher than MPP-R and up to 375% higher than
other reactors. This is partially reflected by the lower anode po-
tential obtained at MPP reactors. All reactors showed higher than
94% organic removal as brewery wastewater is a easily biode-
gradable substrate, but the removal rates ranged from 24 to 72 h as
shown in Fig. 4. The MCP-H reactor obtained the highest CE of
85± 10% as hypothesized, because higher conversion was gained
from organics to current. The MCP-R didn't show higher CE due to
the failure of the cathode. The MPP reactors showed lower CE than
MCP due to their different operational goal, but MPP-H showed
higher CE than MPP-R presumably due to the higher electron
transfer rate regulated by the active harvesting circuit. The MVP
reactor showed the lowest CE due to the low current. The CV data
also confirm that active harvesting increased the biofilm electron
transfer activities compared with passive resistors when operated
at the same polarization point.

This study demonstrates that the active harvesting approach is
very effective in maximizing the performance of MFCs at different
operational points. This expands the knowledge from focusing on
Table 1
Summary of key results obtained in this study.

Scenario Power (mW) Anode potential (mV) COD removal (%) CE (%)

MPP-H 0.38 �390 94 ± 1 60 ± 10
MCP-H 0.19 �277 94 ± 0.5 85 ± 10
MPP-R 0.21 �429 95 ± 1 41 ± 2
MCP-R 0.09 �160 95 ± 3 27 ± 5
MVP-R 0.08 �290 95 ± 2 10 ± 1
MPP operation to broader applications of MFCs such as MCP
operation for accelerated organic removal, chemical production
and desalination. More studies are needed to reveal the potential
community structure changes during different operations. Pure
culture studies will also be very helpful to elucidate the exact
electron transfer mechanism shifts during different harvesting
scenarios. While active harvesting showed much higher perfor-
mance in MFCs, more work on system integration and scale up are
needed to realize the potentials for operating practical scale
systems.
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