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A B S T R A C T   

Microbial fuel cells (MFCs) can generate electrical energy from the oxidation of the organic matter, but they must 
be demonstrated at large scales, treat real wastewaters, and show the required performance needed at a site to 
provide a path forward for this technology. Previous pilot-scale studies of MFC technology have relied on systems 
with aerated catholytes, which limited energy recovery due to the energy consumed by pumping air into the 
catholyte. In the present study, we developed, deployed, and tested an 850 L (1400 L total liquid volume) air- 
cathode MFC treating domestic-type wastewater at a centralized wastewater treatment facility. The waste
water was processed over a hydraulic retention time (HRT) of 12 h through a sequence of 17 brush anode 
modules (11 m2 total projected anode area) and 16 cathode modules, each constructed using two air-cathodes 
(0.6 m2 each, total cathode area of 20 m2) with the air side facing each other to allow passive air flow. The 
MFC effluent was further treated in a biofilter (BF) to decrease the organic matter content. The field test was 
conducted for over six months to fully characterize the electrochemical and wastewater treatment performance. 
Wastewater quality as well as electrical energy production were routinely monitored. The power produced over 
six months by the MFC averaged 0.46 ± 0.35 W (0.043 W m–2 normalized to the cross-sectional area of an anode) 
at a current of 1.54 ± 0.90 A with a coulombic efficiency of 9%. Approximately 49 ± 15 % of the chemical 
oxygen demand (COD) was removed in the MFC alone as well as a large amount of the biochemical oxygen 
demand (BOD5) (70%) and total suspended solid (TSS) (48%). In the combined MFC/BF process, up to 91 ± 6 % 
of the COD and 91 % of the BOD5 were removed as well as certain bacteria (E. coli, 98.9%; fecal coliforms, 
99.1%). The average effluent concentration of nitrate was 1.6 ± 2.4 mg L–1, nitrite was 0.17 ± 0.24 mg L–1 and 
ammonia was 0.4 ± 1.0 mg L–1. The pilot scale reactor presented here is the largest air-cathode MFC ever tested, 
generating electrical power while treating wastewater.   

1. Introduction 

Around 600 billion kWh of energy are contained in the organic 
matter of the 300 billion m3 per year of domestic wastewater generated 
worldwide (Lu et al., 2018) considering an average energy content of 2 
kWh m–3 (Heidrich et al., 2011), making the recovery of the energy 

contained in these waste streams a compelling opportunity to achieve a 
circular economy and diminish the high energy cost of wastewater 
treatment. Microbial fuel cells (MFCs) can potentially reduce energy 
consumption for wastewater treatment by generating electricity while 
oxidizing organic matter in the wastewater (Do et al., 2018; Munoz-
Cupa et al., 2021). In an MFC, oxidation of the biodegradable organic 
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matter by exoelectrogenic bacteria on the anode is coupled with the 
oxygen reduction reaction (ORR) at the cathode to produce electrical 
power (Logan et al., 2019). MFCs have primarily being tested in lab- or 
bench-scale reactors, often using only synthetic wastewaters charac
terized by high buffer capacities and substrate concentrations that are 
not representative of typical domestic wastewaters (Logan et al., 2015). 
MFCs need to be demonstrated at pilot-scale, treating real waste 
streams, and showing sufficient performance to provide a path forward 
for implementation of this technology (Zhang et al., 2013). 

Scaling up MFCs is technically challenging due to the need for a high 
electrode packing density (m2 of electrode per m3 of reactor) while 
increasing reactor capacity to maximize the reactor performance. If the 
electrode specific surface area is not maintained during reactor scale up 
from lab- to pilot scale, the volumetric power densities will decrease due 
to the lack of sufficient electrode specific surface area (Logan et al., 
2015). MFCs with low electrode packing densities typically produce low 
volumetric power due to the large spacing between the electrodes, 
which increases the solution resistance and restricts the performance of 
the reactor (Rossi et al., 2020). However, maintaining a similar elec
trode packing density during scale-up requires cathodes able to with
stand high water head pressure in order to avoid flooding of the cathode 
and the cathode chamber (Dekker et al., 2009). The ORR at the cathode 
uses oxygen to consume electrons generated by the anode. Thus, the 
ORR catalyst needs to be in contact with either dissolved oxygen in 
liquid media or with air (Popat and Torres, 2016; Rossi et al., 2020). 
Most of the previous MFC pilot scale reactors larger than 250 L have 
used wastewater aeration rather than direct air cathodes (Feng et al., 
2014; Liang et al., 2018, 2019; Vilajeliu-Pons et al., 2017). Wastewater 
aeration is undesirable as it currently consumes about half the energy 
used at a treatment plant, and therefore direct air cathodes are preferred 
to reduce energy demands. However, as the volume of the reactor and 
the electrode dimensions are increased, the water pressure on the liquid 
side of the cathode can result in leakage and water flooding of the 
cathode chamber. One of the largest air-cathode reactors constructed to 
date (250 L) had horizontal plug flow across two cathodes each 1 m2, 
separated by 25 cm, in order to minimize hydrostatic pressure and 
prevent water leakage (Feng et al., 2014). The MFC module produced a 
power density of 0.057 ± 0.001 W m–2 with a COD removal rate of 
76.3%. The MFC was estimated to reduce energy costs compared to a 
conventional wastewater treatment by half, although expensive 
precious metal catalysts increased the capital costs of the reactor. The 
Pt/C cathodes accounted for up to 50% of the overall cost of the MFC. A 
new cathode with no precious metal catalyst and capable of with
standing higher water heights (0.7 m) was recently developed (Hiege
mann et al., 2019; Rossi et al., 2019a, 2019b). The window-pane 
architecture of these cathodes contained panels using activated carbon 
catalysts, with the cathodes welded and glued into a stainless-steel 
frame. The cathode was used in MFCs to produce a maximum power 
density of 0.101 ± 0.006 W m–2 with 0.62 m2 of cathode in a reactor of 
85 L (7.3 m2 m–3) which was of the same order of magnitude of the 
power densities obtained in smaller, laboratory scale MFCs fed domestic 
wastewater (0.31 ± 0.01 W m–2 in a reactor of 28 mL) (Rossi et al., 
2019). 

In this study, we developed and tested the largest air-cathode MFC 
using primarily domestic wastewater generated at a field site (Toby
hanna Army Depot, US). Multi-panel cathodes (32) each containing 15 
activated carbon cathode panels (0.032 m2 each, total active area = 15 
m2) were welded into metal sheets, producing a total cathode surface 
area of 20 m2. These cathodes were placed into 0.85 m3 of the tank that 
had a total volume of 1.4 m3 (volume including influent and effluent 
zones) achieving a final electrode packing density of 23 m2 m–3. This 
packing density was comparable to that obtained in much smaller MFCs 
(25 m2 m–3) (Logan et al., 2015), therefore achieving negligible loss (<
6%) in electrode packing densities with increased reactor size. The MFC 
was integrated into an existing wastewater treatment facility at the site, 
and the effluent of the MFC provided the influent to a biofiltration (BF) 

unit (Ward et al., 2015) to further treat the wastewater to meet low 
effluent COD requirements. The combined MFC and BF technologies 
were designed, assembled, and integrated into an automated pilot scale 
wastewater treatment skid that could treat up to 3.79 liters-per-minute 
(Lpm) of wastewater. The combined treatment system was assessed over 
a six-month period, from September 2020 through April 2021, despite 
having limited personnel at the site due to the COVID 19 pandemic. Over 
the course of the pilot study, the system performance was measured in 
terms of water quality and energy production and consumption for 
various relevant modes of operation. 

2. Materials and methods 

2.1. Construction and operation of the MFC 

The MFC (Intuitech, Utah) was a 1400 L (including inlet and outlet, 
850 L active electrolyte occupied by anode and cathode modules) PVC 
tank, 2.4 m long by 1.2 m wide by 0.7 m tall (Fig. 1). The wastewater 
was fed through a manifold to distribute the flow across the height of the 
module and the wastewater effluent from the MFC was delivered by 
gravity to the BF unit. The MFC contained 17 anode modules (Sup
porting Information) with 40 carbon fiber brush anodes each, made 
using two twisted titanium wires (2.5 cm diameter, 61 cm brush length, 
71 cm overall length). The total anode projected area was 11 m2. The 
brush anodes of each module were electrically connected and wired to 
the control panel. Cathodes (1.1 m wide by 0.6 m long, 0.62 m2 exposed 
area, 0.48 m2 electroactive area due to the stainless-steel frame) were 
purchased from VITO (Belgium, Mol) following a design previously 
described (Rossi et al., 2019b) and assembled in the final cathode 
module. The cathodes were manufactured to be permeable to air on one 
side (30% diffusion layer porosity) and impermeable to water on the 
other side, using a proprietary manufacturing process (Bouwman et al., 
2020). Each cathode module (16 total – 2 cathodes each) (Supporting 
Information) was assembled using two air cathodes secured 5 cm apart 
in the module with the air sides facing each other (air chamber) and the 
solution side in contact with the wastewater in the MFC. To reduce the 
cathode deformation due to the pressure of the water on the cathode, a 
support structure that was integral to the side plates of the cathodes was 
used in the air chamber (Supporting Information). The electrode spacing 
between anode and cathode was 1.2 cm. The anode modules closer to 
the MFC influent and effluent were connected to one cathode each. The 
remaining anode modules (15) were connected to two cathodes, one on 
each side of the brushes. The cathodes were wired to the control board 
and the anode-cathode voltage and current were continuously recorded 
with a multimeter (Keithley 2700 and 2750). The control board per
formed maximum power point tracking and allowed continuous mea
surement of each anode-cathode pair performance in terms of current 
and voltage produced, avoided voltage reversal, and boosted the final 
voltage output to either 12 V, 18 V or 24 V. The design of the pilot scale 
MFC is described in greater detail in the Supporting Information. 

The performance of the MFC was continuously evaluated through 
measurement of the current, voltage, and power output from each 
anode-cathode pair (32 channels). The power and current density were 
normalized by the cross-sectional area of the anode module (0.62 m2 

each, 11 m2 total) or the cathode module (0.62 m2 each, 20 m2 total). 
The volumetric power was normalized by the active volume of the MFC 
(850 L), neglecting the inlet and outlet zones as these areas were 
included to facilitate sampling, inspection, and troubleshooting. During 
the initial three months of operation, voltage and current were moni
tored with a separate multimeter (Keithley 2700 voltmeter) by con
necting each anode module to the two cathodes closest to it through a 
4.9 ± 0.6 Ω external resistor. Following the startup and acclimation 
phase in the initial three months of operation, the control board was 
installed in the control panel allowing a continuous monitoring of the 
current, voltage and power output of the MFC. The MFC net energy 
recovery (NET) was calculated by normalizing the kWh produced over 
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six months by the amount of wastewater treated (Wh m–3) or COD 
degraded (Wh kgCOD

–1). Sampling methods and additional details on the 
inoculation and operation of the pilot scale MFC-BF are described in 
greater detail in the Supporting Information. 

2.2. Effluent treatment using the BF 

After wastewater treatment in the MFC, a BF polishing system 
(Fig. 2) was utilized to provide further reduction of COD and suspended 
solids. The BF system employs high surface area granular activated 
carbon filtration media that is biologically active, allowing for 

simultaneous physical and biological treatment via adsorption and 
subsequent biodegradation of both dissolved and particulate contami
nants. The pilot scale BF unit was composed of a 76 L PVC rectangular 
tank for feed water, two upflow 300 L Plexiglass hexagonal tanks (0.33 
m2 area by 0.9 m tall) filled two thirds of the height with 200 L activated 
carbon (AquaCarb 816, Evoqua, USA), and a 76 L PVC rectangular water 
holding tank for ultrafiltration (UF) feed, followed by a UF module 
(Cantel FiberFlo hollow fiber cartridge, 0.2 micron filter size, 7.4 cm 
outside diameter, 51 cm length) and a UV device for disinfection 
(Aquisense Technologies, Erlanger, Kentucky, USA). The BF unit was 
continuously fed by a suction pump to maintain a design flux of 5.76 
Lpm/m2 while loading. The air operated pinch valves were integrated to 
control the flow path during BF loading and bioregeneration phases. 

3. Results and Discussion 

3.1. MFC performance 

The total power produced by the MFC quickly increased during the 
inoculation stage from 0.01 W to 0.65 W (1.5 A) over the initial three 
days of operation, producing an average power density for each module 
of 0.061 ± 0.008 W m–2 (normalized by anode area, 11 m2), indicating 
that the MFC was capable of delivering power in less than a week 
following inoculation. The average power produced over six months was 
0.46 ± 0.35 W (0.54 ± 0.41 W m–3) at an average current of 1.54 ± 0.90 
A. The average power density of the pilot MFC was 0.023 ± 0.017 W m–2 

(0.077 ± 0.045 A m–2) normalized by cathode surface area (20 m2) and 
0.043 ± 0.033 W m–2 (0.145 ± 0.085 A m–2) normalized by the anode 
surface area (11 m2). The MFC maximum power was 1.43 W (1.68 W 
m–3) at 2.95 A, recorded 81 days after inoculation. 

At the maximum power point, the power density was 0.135 W m–2 at 
a current density of 0.278 A m–2 based on the anode surface area (or 
0.072 W m–2 normalized by cathode area). This maximum power density 
was 34% higher than that obtained with an 85 L MFC (0.101 ± 0.006 W 
m–2) that used similar materials based on polarization data (Rossi et al., 
2019a). Here two cathodes were connected to one anode compared to 
only one cathode per anode in the previous study. Doubling the cathode 
surface area has been shown to increase power, although not directly in 
proportion to the cathode area. For example, doubling the cathode area 

Fig. 1. Top view of the pilot MFC showing the electrical connections (yellow arrows) anode (blue arrows) and cathode modules (green arrows) and the wastewater 
flow path (red arrows). 

Fig. 2. Photo of the BF skid.  
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increased the maximum power by 62% in a 0.028 L reactor (Cheng and 
Logan, 2011), 39-53% in a 0.1 L MFC (Kim et al., 2015) and by 67% in a 
6.1 L MFC (He et al., 2016). A polarization curve was obtained after 81 
days of operation from three modules in the MFC by decreasing the 
external resistance from 100 Ω to 0.5 Ω allowing 20 minutes between 
one resistance and the next to allow the voltage to stabilize. The 
maximum power density was 0.172 ± 0.003 W m–2, with an internal 
resistance of 1.00 ± 0.04 Ω m2 determined from the slope of the po
larization curve near the maximum power point (Supporting informa
tion, Figure S10). The large difference in performance between 
continuous operation (0.135 W m–2) and the polarization curve (0.172 
± 0.003 W m–2) indicates that the power density was overestimated 
during the polarization test due to the rapid change in resistances over 
time (20 minutes), which has been proved to be effective in small scale 
systems, but which does not allow large electrodes to fully discharge 
their capacitive current (Liang et al., 2019; Velasquez-Orta et al., 2009). 

After the initial inoculation stage with fed-batch operation, waste
water was fed to the MFC at different flow rates, producing changes in 
MFC performance primarily due to variations in the organic content of 
the wastewater and the rate of wastewater flow into the system (Fig. 3). 
The low population on the site during nights, weekends, and holidays 
did not allow for a stable and continuous feed of wastewater in the MFC, 
which was further complicated by the reduced personnel on site due to 
COVID 19 occupancy restrictions. The wastewater flow rate was 
changed from 1.89 Lpm during the day (8 am – 3 pm), five days a week, 
to 0.76 Lpm overnight (3 pm – 8 am), and completely interrupted (0 
Lpm) during the weekends. The lower flow rate overnight decreased the 
organic loading fed to the MFC, diminishing the total power produced by 
the MFC (Fig. 3). After 80 days of operation, the maximum power 
peaked at 1.30 W at 8 pm, decreasing by 35% to 0.84 W at 11 am the 
following day due to the lower flowrate overnight. The lag time between 
the decrease of the flow rate and the decrease in the performance was 
likely due to the high HRT of the MFC (12 h at 1.89 Lpm and 30 h with 
0.76 Lpm). Interrupting the wastewater flow during the weekend further 
decreased the total power to only 0.03 W before restarting the system 
the following week. The large impact of the flow rate on the perfor
mance indicated that the MFC performance was primarily limited by the 
low organic loading during the weekends at low flow rates, and that the 
MFC power generation can be increased by maintaining a high COD 
content in the system. Even though the power decrease at low flow rates 
was substantial, the MFC performance quickly recovered as soon as the 
wastewater feed was reestablished, indicating a high resiliency of the 
reactor to operational shocks such as low COD concentrations (Fig. 3). 

The anode-cathode pairs produced variable current and power 
depending on their position in the MFC (Fig. 4). The modules closer to 
the inlet and outlet produced an average of 46% less power than the 
modules positioned in the middle of the tank, likely due to the larger 
intrusion of air into the media and to the lower cathode surface area. 
Only one cathode was connected to the anode modules next to the 

influent and effluent manifolds while two cathodes each were used for 
the remaining anode modules (Fig. 1). After three months of operation, 
the average power density over 9 hours of operation of the module next 
to the inlet was 0.041 ± 0.001 W m–2, similar to the last module just 
before the wastewater outlet (0.033 ± 0.002 W m–2). This power density 

Fig. 3. Total power and current produced by the MFC 
over four weeks of continuous operation. The average 
current and power density and the total current and 
power produced over the whole test duration are re
ported in the Supporting Information. The large power 
and current (2.38 W at 5.53 A) produced at day 92 was 
due to the discharge of the charges accumulated during 
maintenance of the MFC and the control board. Once 
the board was reconnected, the charge accumulated in 
the electrodes was immediately discharged resulting in 
a large power and current production, which could not 
be maintained over time.   

Fig. 4. Performance of the different electrode modules throughout the MFC 
after (A) 3 months and (B) 6 months of operation. Current density and power 
density of each module (17) normalized by the anode cross sectional area (0.62 
m2 – one anode connected with two cathodes). 
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was 73% smaller than that produced by the module in the middle of the 
MFC (0.152 ± 0.003 W m–2). Normalizing the power by the cathode 
surface area slightly decreases the difference in performance between 
the end modules and the other modules in the middle of the MFC 
(average 0.077 ± 0.003 W m–2), suggesting that oxygen intrusion can be 
a factor in limiting the performance of the anodes. 

The average power density of the MFC decreased by 60% after six 
months of operation, from 0.122 ± 0.003 W m–2 (total power of 1.3 W) 
to 0.060 ± 0.007 W m–2 (total power of 0.6 W). Part of this decrease was 
due to cathode fouling. For example, the performance of an 85 L MFC 
using a cathode having a design similar to the one used here decreased 
by 28% after one month of operation, primarily due to inorganic and 
biofouling of the cathode over time (Rossi et al., 2019b). Some of this 
degradation in performance over time is due to the formation of a bio
film on the cathode, the deposition of salts in the electrocatalytic 
structure, and the adsorption of the organic matter present in the 
wastewater onto the cathode (An et al., 2017). In addition, the decrease 

in the average power density for the total reactor was due to failure of 
water integrity of five cathode modules. These modules developed leaks 
which resulted in flooding of the air chambers, producing a large 
decrease in the performance of those anode-cathode modules. When the 
cathode chamber becomes filled with water there is little or no dissolved 
oxygen in the water, and thus current generation is inhibited unless the 
water is sparged with air (Vilajeliu-Pons et al., 2017). 

3.2. Microbial community analysis 

The microbial community on the anode and cathode electrodes was 
analyzed after eight months of operation (Fig. 5). Sulfurimonas and 
Desulfobacter were the most abundant genera on the electrodes of the 
MFC. While the relative abundance of Sulfurimonas increased from the 
influent to the outlet of the reactor, Desulfobacter followed the opposite 
trend, being most present on the electrodes closer to the influent 
compared to the effluent. Desulfobacter is a sulfate-reducing bacterium 

Fig. 5. (A) Heatmap of the 14 most abundant genera throughout the MFC modules, from the MFC influent (17) to the MFC outlet (1). Only one cathode of the two 
connected to the anode was sampled. Values are shown as normalized fraction of total sequences (%). (B) Nonmetric multidimensional scaling plots and (C) cluster 
dendrograms constructed based on the 200 most abundant OTUs. Microbial community profiles are labeled with the corresponding biomass collection location (An, 
anode; Cat, cathode; In, influent; Eff, effluent). 
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and was likely involved in the reduction of sulfate to sulfide as the 
wastewater flows through the MFC. Then, due to the presence of the air 
cathodes and residual dissolved oxygen in solution, Sulfurimonas took 
over, oxidizing the sulfide produced by Desulfobacter. This synergistic 
activity can be observed from the network analysis results, indicating a 
significant (p-value < 0.05) negative correlation between the two 
operational taxonomic units (OTUs) (Supporting Information). Geo
bacter, Trichococcus, Desulfobacterium, Paludibacter and Thauera showed 
an unequal distribution between anodes and cathodes. Geobacter and 
Trichococcus were primarily concentrated on the anode. Trichococcus 
have rarely been reported on MFC anodes, and typically only when so
lutions with high concentration of ammonia are fed to the reactor (Liu 
et al., 2019). Geobacter is a well-known exoelectrogenic bacteria 
(Holmes et al., 2004), and its distribution in the pilot MFC followed the 
same trend of the power density of the different modules (Fig. 4), 
showing the highest concentration of Geobacter in the modules in the 
middle of the MFC, and the lowest in the anode modules closer to the 
influent and effluent. The MFC modules next to the inlet and outlet were 
open to air, in order to facilitate troubleshooting of the MFC and sam
pling. However, it has been previously shown that Geobacter can tolerate 
and even utilize small amounts of oxygen to sustain its metabolism (Lin 
et al., 2004). High dissolved oxygen concentrations, however, are 
detrimental to the bacterium, suggesting that the oxygen intrusion in the 
wastewater close to the MFC influent and effluent could have limited its 
activity and the development of an exoelectrogenic biofilm. Desulfo
bacterium and Paludibacter have been previously identified on MFC an
odes in several studies (Huang et al., 2012; Kim et al., 2011; Li et al., 
2021; Liang et al., 2013; Wang et al., 2019). Thauera, which selectively 
colonized the cathode, was previously detected in MFC studies, more 
predominantly on the cathode (Shehab et al., 2013; Yang et al., 2019, 
2018; Zhang et al., 2015). Members of the genus Thauera are known to 
play a role in denitrification (Daims et al., 2010) and they were previ
ously detected in MFCs operated for nitrogen removal (Sayess et al., 
2013). The detection of known genera responsible for nitrification such 
as Nitrosomonas, Nitrobacter, and Nitrospira (Sayess et al., 2013) at low 
relative abundance (0.13-0.16%), coupled with the presence of nitrate 
and nitrite (Section 3.3) in the MFC reactor, and the presence of Thauera, 
suggest the possibility of nitrification and denitrification occurring in 
the MFC reactor. The overall microbial community structures collected 
from anodes and cathodes grew apart with the flow of wastewater (i.e., 
from inlet to outlet) (Fig. 6). The community of anode17 and cathode17, 
which were located closest to the wastewater inlet, had high similarity 
but diverged greatly with the wastewater flowing to the outlet. From the 
middle to the outlet, the electrochemical environment strongly influ
enced the divergence of microbial communities which were clustered by 
anode or cathode. 

3.3. MFC/BF wastewater treatment performance 

A total volume of 110 m3 of wastewater was treated during the six- 
month period of operation of the MFC, with an average COD removal 
of 49 ± 15 % in the MFC alone, and an overall 91 ± 6 % COD removal 
for the combined MFC/BF technology (Fig. 6A). The average COD in the 
MFC influent was 425 ± 114 mg L–1 which was decreased to 220 ± 105 
mg L–1 in the MFC effluent, and to 36 ± 23 mg L–1 in the BF effluent. 
Using the average COD removal in the MFC and the average current 
produced by the MFC resulted in a Coulombic efficiency of approxi
mately 9%. The BF effluent was a clear liquid with no appreciable 
content of dispersed solids (Supporting Information). The TSS concen
tration was reduced by 48 ± 17 % in the MFC, from an average of 123 ±
23 mg L–1 to 61 ± 17 mg L–1 (Fig. 6B). The turbidity of the media 
decreased by 78% in the MFC and by an overall 97% post BF treatment 
(Supporting Information), in line with the decrease of COD and TSS. The 
average MFC influent turbidity was 60 NTU, while the MFC effluent was 
12 NTU and the BF effluent was 1 NTU, indicating that most of the solids 
and particulate dispersed in solution was effectively removed during the 

MFC/BF treatment. 
The concentration of ammonia, nitrite, and nitrate in the MFC 

influent, MFC effluent and post BF treatment was monitored after the 
inoculation stage of the MFC and throughout the whole study (Fig. 7). 
The average ammonia concentration detected in the MFC influent was 
33 ± 27 mg L–1 and decreased by around 92% to 2.5 ± 2 mg L–1 in the 
MFC effluent. The ammonia concentration in the BF effluent averaged 
0.4 ± 1 mg L–1. Previous studies have reported an ammonia removal in 
MFCs of approximately 60% for single-chamber, air cathode MFCs 
(Jung et al., 2008). The ammonia is typically removed in MFCs by 
volatilization due to the conversion of ammonium ion to the more vol
atile ammonia species because of an elevated pH near the cathode (Jung 
et al., 2008; Motoyama et al., 2021). However, we cannot exclude the 
possibility of nitrification and denitrification occurring in the MFC 
reactor due to the presence of nitrate and nitrite and known genera 
responsible for nitrification and denitrification (Liang et al., 2021; 
Motoyama et al., 2021; Yuan et al., 2021; Zheng et al., 2020). 

Nitrite concentrations decreased after treatment by the MFC from 
0.16 ± 0.04 mg L–1 to 0.06 ± 0.02 mg L–1. The average concentration of 
nitrite in the BF effluent from week 6 to week 13 from startup was 0.03 
± 0.04 mg L–1 and then increased in last few weeks of operation to 0.32 
± 0.27 mg L–1 (week 13-19) (Supporting Information). The increase in 
the nitrite concentration in the BF effluent was likely due to nitrification 
due to the higher loading of wastewater treated by the BF unit in the last 
weeks of the demonstration. The BF was initially bypassed due to 
frequent clogging of the ultrafiltration unit and overflow in one granular 
activated carbon tank. Once these issues were resolved, the BF was 
operated on a daily basis treating the MFC effluent. The nitrate 

Fig. 6. (A) COD consumption and (B) TSS concentration in the MFC and BF 
over time (week 6 to 19). 
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concentration followed a trend similar to the nitrite, with a 41% 
decrease in the MFC (from 0.78 ± 0.40 mg L–1 to 0.47 ± 0.31 mg L–1), 
followed by an increase in the BF effluent in the latter weeks of opera
tion (3.1 ± 2.7 mg L–1 from week 13 to week 19). The total nitrogen 
concentration, decreased during the MFC/BF treatment, from 64 ± 1 mg 
L–1 in the MFC influent, to 29 ± 3 mg L–1 in the MFC effluent and 11 ± 4 
mg L–1 post BF treatment, indicating that the higher nitrate and nitrite 
concentrations in the BF effluent were due to nitrification. The average 
sulfide and phosphorus concentrations are reported in the Supporting 
Information. 

The quality of the wastewater in the MFC influent, MFC effluent and 
BF effluent was analyzed in terms of BOD5, fecal coliforms and E. coli 
concentrations in a one-month period collecting two samples per week 
(Supporting Information). The BOD5 concentration followed a similar 
trend to that of the COD with a decrease of 70% in the MFC and of 91% 
post BF treatment. The average influent BOD5 was 146 mg L–1, which 
decreased to 44 mg L–1 in the MFC effluent and 13 mg L–1 in the BF 
effluent. The fecal coliforms and E. coli concentration decreased by two 
orders of magnitude through the MFC (fecal coliforms, influent = 91,000 
MPN mL–1; effluent = 810 MPN mL–1; E. coli, influent = 72,000 MPN 
mL–1; effluent = 790 MPN mL–1). In the first two weeks of operation, the 
fecal coliforms and E. coli concentration in the BF effluent was 610 MPN 
mL–1 for both the strains. The concentration of fecal coliforms and E. coli 
was only 0.075 MPN mL–1 in the first three samples and increased to 24 
MPN mL–1 in the last sample. It was not clear if the higher content of 

microorganisms in the latter sample was due to a contamination during 
sampling or a decrease in the disinfection capability of the BF unit. To 
investigate the impact of the ultrafiltration system on the BF disinfection 
capacity, the UF membrane was removed over the last two weeks of 
operation and the concentration of fecal coliforms and E. coli in the BF 
effluent was compared with that obtained in the presence of the UF unit. 
The concentration of the fecal coliforms and E. coli increased by two or
ders of magnitude in the absence of the UF unit (fecal coliforms = 220 
MPN mL–1; E. coli = 180 MPN mL–1 over the last two weeks of operation), 
suggesting that the ultrafiltration was more effective than the UV in 
reducing the content of microorganisms in the BF effluent. 

At the end of the demonstration stage, approximately after six 
months from the time of inoculation, the mass of sludge accumulated in 
the MFC over the whole demonstration period was measured and 
analyzed in terms of TSS and VSS content. The total wet weight of sludge 
was 88.2 kg, with a TSS of 40 ± 3 g L–1 and a VSS of 23 ± 2 g L–1. The 
volume of wet sludge was approximately 91 L, corresponding to a sludge 
accumulation of 0.9 L per 1000 L of wastewater treated and a sludge 
production of 0.16 kg TSS per kg of COD removed. Conventional aerobic 
processes typically generate 0.32 kg TSS per kg COD removed (Ginestet 
and Camacho, 2007), therefore, 50% less sludge was generated in the 
MFC compared to conventional treatment. 

3.4. Implications in the development and integration of MFCs in the 
wastewater treatment infrastructure 

We developed, deployed, and evaluated over six months the per
formance of the largest air-cathode MFC ever produced, providing data 
that can help with our insight for achieving practical deployment of 
bioelectrochemical systems in wastewater treatment plants. The reactor 
startup was relatively fast even under challenging conditions of waste
water availability due to the low flow into the wet well, suggesting that 
these systems could be used for rapid deployment. Less than 5% of the 
energy consumed by the pump to deliver the wastewater from the wet 
well to the MFC was recovered as electrical energy. For example, after 
three months of operation, the MFC produced 11.4 Wh at 1.89 Lpm 
(average power of 1.29 ± 0.04 W over 9 h), corresponding to only 3% of 
the energy consumed by the pump (401 Wh). However, the energy 
generation in the MFC can likely be increased by maintaining a stable 
flow rate of a high strength wastewater. Even though the energy re
covery and the power generation by the MFC were lower than expected, 
the combined MFC/BF technology treated domestic wastewater with a 
minimal energy consumption of only 0.13 Wh/L, which is more than 
75% lower than that of conventional wastewater treatment (0.6 Wh/L) 
(McCarty et al., 2011). Throughout the demonstration, the MFC treated 
approximately 110 m3 of wastewater producing an average of 18 Wh 
m–3 (88 Wh kgCOD

–1) of wastewater treated with peaks of 37 Wh m–3 

over a week of operation. 
The MFC/BF effluent quality met the water quality requirements for 

discharge from non-municipal sewage treatment facilities for most of the 
parameters investigated. Ammonia (4 mg L–1), nitrate (10 mg L–1), pH 
(9.0), TSS (30 mg L–1) and organic content (25 mg L–1) were all lower 
than the average monthly limit for discharge. Fecal coliforms were 
reduced below the required limit (20 MPN mL–1) only in the first three 
weeks of operation and were approximately nine times larger than the 
maximum limit in the last five samples, indicating that higher stability of 
treatment performance should be achieved to avoid additional steps in 
the effluent disposal and the associated costs. Phosphorus concentration 
in the BF effluent was approximately 15 times larger than the maximum 
average monthly limit (4 mg L–1), requiring further approaches to 
manage the concentration of this chemical. 

Maintaining power density during system scale up is challenging, but 
as shown here the volume of the reactor can be increased while producing 
power densities only slightly less than those obtained using smaller sys
tems. The pilot-scale MFC maximum power density was 0.072 W m–2 

based on the overall cathode area (20 m2) and 0.092 W m–2 neglecting the 

Fig. 7. Concentration of (A) ammonia, (B) nitrite and (C) nitrate in the MFC 
influent, effluent and post BF treatment. 
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area of the cathode occupied by the stainless steel frame, which decreased 
the electroactive area by 22%. This power density is around one third of 
that previously reported for a 0.028 L cubic MFC (0.31 ± 0.01 W m–2) fed 
domestic wastewater using the same anode and cathode materials and 
electrode spacing, even though the active volume in the pilot MFC was 
30,000 times larger. This indicated that the electrode power density could 
be maintained in pilot-scale MFCs if the reactor size was scaled up using 
reactor configurations similar to lab-scale MFCs. 

The power densities of the large air-cathode MFC examined here 
were substantially higher than previous bioelectrochemical systems of 
similar scales (≥250 L). The maximum power density in a previous study 
for a 250 L air-cathode MFC was 0.057 ± 1 W m–2, about 21% lower 
than that reported here (0.072 W m–2), and used a precious metal 
catalyst (Pt) on the cathodes compared to activated carbon used here 
(Feng et al., 2014). The maximum volumetric power density was 0.46 W 
m–3, which is less than one-third of that obtained here (1.68 W m–3) 
(Feng et al., 2014). The low volumetric power density was a conse
quence of the low electrode packing density in that study (8 m2 m–3) 
compared to 23 m2 m–3 here. A maximum power density of only 0.007 W 
m–2 was reported in another study using a 720 L (6 reactors each of 120 
L) air-cathode MFC (Das et al., 2020), which is one order of magnitude 
smaller than that obtained here. The much lower power density was 
likely a combination of the use of flat anodes (carbon felt), which pro
duce lower power than carbon brushes (Yang et al., 2017), and the low 
electrode packing density of the reactor (1.3 m2 m–3). 

The air-cathode MFC examined here also had improved performance 
compared to large MFCs using aerated catholytes. For example, tests 
using a 1500 L MFC achieved maximum power densities of 0.036 W m–2 

(Dong et al., 2019) in one study, and 0.029 W m–2 (0.40 W m–3) in other 
tests (He et al., 2019). Using aerated catholytes decreases the energy ef
ficiency of the MFCs due to the need to sparge air in the catholyte. High 
power densities have been reported for other MFCs which were defined as 
large scale systems based on total system volume, but were constructed by 
combining several small scale systems, so the power densities were not 
obtained for larger reactors (Babanova et al., 2020; Blatter et al., 2021; 
Ge and He, 2016; Liang et al., 2019). For example, a total system volume 
of 200 L was obtained by connecting 96 MFCs of two liters each (Ge and 
He, 2016), and a 1000 L reactor was fabricated by using 50 modules that 
were 20 L each (Liang et al., 2019), potentially increasing the capital cost 
of the MFC and the complexity of the power conditioning board. 

Minimizing the MFC internal resistance has been shown to be the 
most effective strategy to increase the performance of lab-scale MFCs. 
Due to the low conductivity of the wastewater, reducing the electrode 
spacing has been shown to decrease the internal resistance of MFCs and 
increase the reactor performance (Logan et al., 2018). Unfortunately, 
reducing the electrode spacing could lead to short-circuiting the cell if 
the electrodes were to touch each other, requiring the installation of 
separators between the electrodes to ensure better electrical insulation, 
further increasing the cost of the materials. The MFC internal resistance 
can be further reduced by diminishing the anode and cathode re
sistances, primarily by reducing the development of pH differences be
tween the electrodes. Forcing the flow through closely spaced electrodes 
has recently been shown to greatly improve power generation (Rossi and 
Logan, 2021; Rossi et al., 2021), although additional considerations 
must be included to remove particles entering the MFC to minimize 
clogging. Based on the results of this study, further improvements of 
MFC technology are needed prior to its transition into use in wastewater 
treatment facilities. Future research should focus on improving the 
throughput and energy production of the technology, with the goal of 
reducing capital costs and reactor footprint by increasing electrode 
packing densities. 

4. Conclusions 

The performance of the largest air-cathode MFC developed to date 
was investigated over a six-month period using domestic and industrial 

wastewater. The air cathodes avoided the need for aeration of the 
wastewater that was serially pumped through 17 anode modules (11 m2) 
connected to 32 cathodes (20 m2). The MFC started producing useful 
electricity only three days after startup, showing a large impact of the 
availability of wastewater on current and power generation. The 
average power produced over six months was 0.46 ± 0.35 W at an 
average current of 1.54 ± 0.90 A with a peak of 1.43 W and 2.95 A 
recorded 81 days after inoculation. The anode-cathode pairs produced 
variable current and power depending on the wastewater flow rate and 
their position in the MFC, with the modules in the middle of the reactor 
producing nearly 4 times more current due to the higher available 
cathode area and lower oxygen intrusion in the media. The MFC 
removed 49 ± 15 % of the COD with a Coulombic efficiency of 
approximately 9% while up to 91 ± 6 % of the COD was removed in the 
combined MFC/BF process. BOD5, ammonia, nitrate, nitrite, TSS, E. coli 
and fecal coliforms were drastically abated in the MFC, with removal up 
to 90% for chemicals (BOD5, ammonia) and 99% for bacteria in the 
MFC/BF overall technology. The combined MFC/BF treated domestic 
wastewater with a minimal energy consumption of only 0.13 Wh/L, 
which is more than 50% lower than that of conventional wastewater 
treatment. The pilot study presented here provides a path forward for 
the MFC technology, showing that MFCs can be effectively integrated 
into the existing wastewater treatment infrastructure, producing elec
tricity while efficiently treating wastewater. 
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