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G. Capodaglio a 

a Department of Civil Engineering and Architecture, University of Pavia, Via Adolfo Ferrata 3, 27100 Pavia, Italy 
b LEQUiA, Institute of the Environment, Universitat de Girona, Maria Aurèlia Capmany 69, Girona 17003, Spain 
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A B S T R A C T   

Wastewater treatment processes energy and emissions issues led researchers to investigate more sustainable 
alternative technologies, aimed at achieving effective contaminants removal with simultaneous resources re-
covery (i.e., energy). The combination of microbial fuel cell (MFC) technology with microalgal-based processes 
in a photo-MFC (PhMFC) could potentially reduce GHGs impact of wastewater treatment, capturing anodically 
produced CO2 and photosynthetically convert it into oxygen, with a bioelectrochemical, cathodic polishing step. 
Two tubular PhMFCs were operated with synthetic wastewater under different conditions. Organic matter and 
nutrients removals and electricity production were monitored under each tested condition. Energy losses and 
design issues were also analyzed. The two PhMFCs globally proved to be effective in COD (up to 94%), total 
nitrogen (55%) and total phosphorus (60%) removal, with simultaneous bioelectricity production (up to 5.5 ‧ 
10− 4 kWh m− 3). The presence of microalgae also opens the possibility of recovery opportunities connected to the 
post-processing of the cathodic effluent.   

1. Introduction 

In the last decades, increasing environmental pressures and fossil 
fuel resources depletion led researchers to intensify studies and devel-
opment of alternative technologies for the production of renewable fuels 
and bioenergy, with the purpose to meet present and future energy 
demands in a more sustainable, carbon-neutral approach within the 
frame of circular economy (Callegari et al., 2020). Microbial electro-
chemical technologies (METs) have aroused the scientific community 
interest as a possible alternative to face some of the great emerging 
critical issues of today’s society sustainability: constant availability of 
clean and safe water, energy demand fulfillment and minimization of the 
carbon footprint of waste streams (Osset-Álvarez et al., 2019). Microbial 
fuel cells (MFCs) are a sustainable technology for bioelectricity gener-
ation from degradable organic matter, suitable for wastewater treatment 
coupled with low CO2 emissions and reduced sludge production (Logan 
et al., 2006; Molognoni et al., 2018; Puig et al., 2011). MFCs rely on the 
catalytic action of electrochemically active bacteria to oxidize organic 
substrate in an anodic chamber, releasing carbon dioxide, electrons and 

protons. Electrons travel through an external electric circuit from the 
anode to the cathode electrode, while protons (or other charge- 
balancing ions) pass through an ionic selective membrane to reach the 
cathode. Both electrons and protons are combined with the terminal 
electron acceptor (TEA), usually oxygen. MFCs can also be equipped 
with a biocathode, where an electrotrophic biomass acts as the catalyst 
of the oxygen reduction reaction (ORR), being a possible solution to 
mitigate costs connected to the use of expensive, metal-based catalysts 
(He and Angenent, 2006; Nikhil et al., 2017; Xia et al., 2013). One 
interesting opportunity to minimize costs connected to mechanical 
aeration is given by the exploitation of photosynthetic metabolism of 
microalgae in MFCs (Bolognesi et al., 2021; Yahampath Arachchige Don 
and Babel, 2021a). Microalgae are a well-known third-generation 
feedstock for biofuels, and they are characterized by fast growth rates, 
simplicity of management, higher biomass yield than other biofuels- 
oriented feedstocks, CO2 capture ability and the wide possibility of 
integration in high-value product chains (Bolognesi et al., 2022; Call-
egari et al., 2020; Sevda et al., 2019). Microalgae metabolism and 
possible products have been extensively studied, and encouraging 
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applications in industrial facilities have already been reported. One of 
the major advantages is that algae can use a wide array of carbon 
sources: algae-growing facilities could, for example, be operated jointly 
with carbon-emitting point sources (power plants and industries) to 
convert the latters’ gaseous emissions (insufflated in the cultivation 
basins) into fuel, without release into the atmosphere. Alternatively, 
they could be paired to wastewater treatment facilities, where they 
would uptake dissolved residual nutrients (N and P) reducing their 
release into surface waters. Heterotrophic (dark) cultivation with syn-
thetic substrate (acetate or glucose) or wastewater as a carbon source 
was also assessed (Heredia-Arroyo et al., 2010; Wang et al., 2010; Leu 
and Boussiba, 2014). 

In MFC applications, algae may be used as electron donors at the 
anode, exploiting their ability in removing organic substrates or as 
substrate themselves, or, more frequently, in photosynthetically aerated 
biocathodes (Commault et al., 2017; Gude et al., 2013; Kannan and 
Donnellan, 2021). In the cathode chamber, under sunlight, algae carry 
out photosynthesis and convert the atmospheric or the anodically pro-
duced CO2 into oxygen and new biomass; on the contrary, in the dark 
stage, they consume oxygen to produce energy by direct oxidation of 
organic materials and synthesize new biomass (Ndayisenga et al., 2018; 
Richmond, 2004; Saba et al., 2017). A wide experience has been gath-
ered in the last decade on microalgal biocathodes. As in conventional 
microbial fuel cells, electricity is produced from the degradation of 
organic matter at the anode, while microalgae provide oxygen, the TEA, 
avoiding the use of chemical mediators and with the advantage of 
exploiting microalgae pollutant removal properties (Khan et al., 2022). 
Nitrate reduction in microalgal biocathodes has also been reported 
(Arun et al., 2022; Nookwam et al., 2022). Many factors can influence 
the process’ overall performance: among all, light/dark cycles and light 
intensity are key factors influencing O2 production, biomass growth and 
algal stress; consequently, they may affect the system efficiency, both in 
terms of pollutants and nutrients removal, bioelectricity production and 
target recovery bioproducts. Both pure cultures and naturally occurring 
mixed cultures have been operated in microalgal biocathodes, with 
incomparable advantages in using the latter when operating with 
wastewater due to their increased stability from external contamination 
(Yahampath Arachchige Don and Babel, 2021a). Furthermore, the 
perspective of the utilization of the biocathode effluent for the produc-
tion of added value products such as biomass, lipids, proteins, pigments 
with several applications, makes the study of new, efficient MFC setups 
involving microalgae even more appealing (Nookwam et al., 2022). 

The present study aimed to assess the effectiveness of coupling MFC 
technology with a microalgal-based process in a photo-MFC (PhMFC) 
reactor, where the biocathode is applied as a polishing wastewater 
treatment step simultaneously achieving bioelectricity production. A 
mixed culture of Chlorella was responsible for providing oxygen to close 
the redox reaction and as a secondary step for wastewater anodically 
pretreated. To accomplish this, the study evaluates the influence of 
lighting conditions and electron acceptor supply in a PhMFC operated 
with synthetic wastewater as anodic feed, with an eye to carbon and 
nutrients (total phosphorous and nitrogen) removals and electric effi-
ciency analysis. Finally, the energy losses and the critical design aspects 
were also analyzed. 

2. Materials and methods 

2.1. Experimental setup and operation 

Two identical tubular PhMFCs (PhMFC1 and PhMFC2, respectively) 
were built and operated using a transparent methacrylate tube (d = 11 
cm, h = 30 cm) and two PVC cover caps of the same diameter. Each MFC 
consisted of two concentrical chambers, anodic and cathodic, with a free 
volume of 430 mL net anodic compartment (NAC) and 1.1 L net cathodic 
compartment (NCC). The anodic chamber was created by using a tubular 
cationic exchange membrane (CEM, CMI-7000, Membranes 

International Inc., USA, d = 3 cm, h = 28 cm). The anode consisted of 
two intercrossed carbon felt stripes (each 28 × 3 cm, AvCarb G100 PAN, 
Fuel Cell Inc., USA), with a graphite rod (250 × 4 mm, Sofacel, Spain) as 
the electron collector. Each cathode was built with two stripes of carbon 
felt (2 × 28 cm), each modelled into a ring form, with two graphite rods, 
one as electron collector (250 × 4 mm) and another (100 × 4 mm) as 
structural support. The design of the reactor was such that the anodic 
chamber was not completely separated from the cathodic one, since the 
CEM did not reach the full height of the reactor; thus, the two chambers 
shared a common headspace, allowing the cathodic chamber to be 
continuously fed by the overflow from the anodic compartment without 
the need for external pumping (Fig. 1, insert b). The external electrical 
circuit was closed by using a 43 Ω resistance as load. This value was 
close to the static internal resistance of both MFCs, detected by per-
forming polarization curves before the experimentation. 

All tests performed during the study were carried out with synthetic 
wastewater (2 g L− 1 CH3COONa, 0.819 g L− 1 Na2HPO4, 0.507 mg L− 1 

NaH2PO4, 2.6 10− 3 g L− 1 KCl, 0.02 g L− 1 NH4Cl). The influent anodic 
solution was fed to the system using collapsible 10 L jerry cans to limit 
contact with air. A multichannel peristaltic pump (BT100N, MX6, 
Shenchen Pump Inc., China) was used to feed the anodic chambers at the 
selected flow rate. 

Anodic chamber was inoculated using the effluent from a parent MFC 
(Bolognesi et al., 2021) additioned with acetate (1.5 g L− 1), and 
continuously recirculated for one week. During the start-up phase, the 
two cathodic chambers were initially fed with a phosphate buffer solu-
tion (PBS, 10 mM, pH 7) containing macro-elements and an inorganic 
source of carbon (507 mg L− 1 NaH2PO4, 819 mg L− 1 Na2HPO4, 1000 mg 
L− 1 NaHCO3, 130 mg L− 1 KCl, 310 mg L− 1 NH4Cl, modified from Xia 
et al. (2013)). A mixed culture of microalgae Chlorella was inoculated at 
the biocathode in 20:80 volume ratio with the cathode buffer solution. 
An internal recirculation loop was activated in each chamber to achieve 
well-mixed conditions (100 L d− 1, BT100N, YZ1515x heads, Shenchen 
Pump Inc., China). 

The system was designed to directly take advantage of the anodic 
effluent and the CO2 produced at the biocathode as substrates for the 
microalgae. Despite direct CO2 exploitation by microalgae being 
desired, the presence of the oxygen produced at the biocathode in the 
common headspace could partially affect the upmost layer at the anode, 
possibly inducing a “snorkel” effect that might globally decrease the 
electrical performance of the system. This solution, however, was 
deemed more practical than the full separation of the two chambers that 
would have required an extra pump to feed the anodic effluent to the 
biocathode. Under steady state operation, in fact, the effluent from 
anodic chamber would overflow directly into the cathodic chamber. The 
transparent methacrylate structure allowed light to easily penetrate the 
biocathode chamber and induce photosynthesis. The TEA (oxygen) was 
photosynthetically produced by microalgae during the daytime. A fish 
tank aerator was also connected to the biocathode and eventually 
operated during nighttime. 

A level sensor connected to the data acquisition system (NI USB- 
6008, National Instruments) automatically activated a discharge pump 
connected to the biocathode recirculation line when the level reached a 
set limit, preventing reverse communication between anodic and 
cathodic chambers. The experimental setup is illustrated in Fig. 1. 

Both PhMFCs’ performances were evaluated under six different 
conditions, by varying lighting conditions (light/dark ratio 16/8, 12/ 
12), night air supply and flow rate. Each test lasted up to one week, and 
all were executed in sequence. A summary of the operational conditions 
operated during the first phase is reported in Table 1. 

The operating mode of light and dark was set by illuminating the 
MFCs using a low energy consumption plant-growth LED lamp of 20 W 
connected to an electric socket timer, while the supply of air occurred by 
mechanical aeration, also connected to the timer. 
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2.2. Data analysis and evaluation 

The PhMFC electric potentials were monitored by an automatic data 
acquisition system (NI USB-6008, National Instruments Italy, Milan) 
connected to a PC, recording voltage (V), current (I) and power (P) at 1- 
min intervals. An Ag/AgCl reference electrode (+197 mV vs Standard 
Hydrogen Electrode, Xi’an Yima Opto-electrical Technology Co., China) 
was used to monitor anodic potentials. Power (P) was determined from 
continuous current (I) and voltage measurement (V). Chemical oxygen 
demand (COD), total nitrogen (TN) and total phosphorous (TP) were 
determined for both the influent solution and effluent samples by 
spectrophotometer (HI83224 Wastewater Treatment Photometer, 
Hanna Instruments, Italy). Conductivity and pH were monitored three 
times per test for influent, anodic and cathodic effluents (IntelliCAL™ 
probes + HQd™ Digital Meter, Hach Lange, Italy). Anodic coulombic 
efficiency (CE) and organic matter removal efficiency (ηCOD - %) were 
determined as described in Cecconet et al. (2018). Energy losses were 
calculated using the energy balance equation according to the equation 
reported by Molognoni et al. (2014): 

Ecell = Eemf − EΔpH − ηan − ηcat − Eionic − ET (1)  

where the parameters are described as follows: Ecell (cell voltage), Eemf 
(cell electromotive force), EΔpH (pH gradient loss), ηan (anode over-
potential), ηcat (cathode overpotential), Eionic (ionic loss), and ET 
(transport loss). 

Polarization curves were also performed to evaluate the variation in 
the total internal resistance of the system using a potentiostat (Nano-
electra, NEV4). The electric circuit was disconnected 30 min before the 
polarization curve was performed, starting from the open circuit value 
(OCV) measured between anode and cathode electrode with a 

multimeter, and the polarization curve was performed at a scan rate of 1 
mV s− 1. 

3. Results and discussion 

The data collection and monitoring phase lasted 52 days. The oper-
ational phase described in the following paragraphs was preceded by a 
period of inoculation/stabilization of the PhMFCs. During this phase, no 
overflow occurred from the anode to the cathode. Both PhMFCs were 
maintained under ideal conditions for the growth of biomass for a 
month. During the inoculation phase (one week), the system was oper-
ated in recirculated batch mode, and then switched to continuous 
operation for the remaining three weeks (stabilization phase). 

3.1. Electrical production 

Fig. 2 shows the electrical performances for each PhMFCs under each 
tested condition in replicates (Table 1). PhMFC2’s performance gener-
ally overcame PhMFC1’s in terms of electricity production. Voltage in 
night-aeration tests 2 and 4 (Fig. 2b, d) was generally higher than cor-
responding non-aerated test values (Fig. 2a, c). An average current 
density of 5.06 and 17.58 mA m− 2 was achieved in Test 1 for PhMFC1 
and PhMFC2, respectively, while 24.72 and 31.95 mA m− 2 were ob-
tained from Test 2 under the same light conditions (16/8) with night 
aeration applied. 

In Tests 3–4, a different lighting condition was applied (12/12), and 
also, in this case, a better result in terms of current density as shown in 
the nightly-aerated test. 7.94 and 14.41 mA m− 2 were produced by 
PhMFC1 and PhMFC2 in the test without aeration, against 20.20 and 
25.29 mA m− 2 in the test with aeration applied. 

Considering the performance of PhMFC2, more stable throughout 
the study, two different flow rates (0.1 and 0.5 L d− 1) were studied under 
non-aerated 16/8 lighting conditions in Test 5 and 6. In this case, 
PhMFC1 in Test 5 presented an average current density of 17.91 mA 
m− 2, against 20.21 mA m− 2 of Test 6. In this last test, PhMFC1 reached 
performances similar to those of aerated tests, thus maintaining the 
periodicity of the profile of a non-aerated test. This indicated that 
increased availability of substrate leads to better performance. As 
PhMFC1, also PhMFC2 achieved a current density of 13.81 mA m− 2 in 
Test 5, against 29.23 mA m− 2 obtained in Test 6, confirming PhMFC1’s 
results. Maximum current production from PhMFC1 (69.02 mA m− 2) 

Fig. 1. Experimental setup configuration. a) orange line: anodic recirculation line; Blue line: cathodic recirculation line; dashed line: electrical connections. P1: 
anodic recirculation pump; P2: cathodic recirculation pump; P3: (anodic) feeding pump; P4: discharge pump. 1: anode; 2: cathode; 3: reference electrode; 4: level 
sensor connection; 5: air supply. b) detail of the hydraulic setup of the cell: anodic overflow to the cathode and cathodic discharge activated by the level sensor (6). 
DAQ board: I/O data acquisition system. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Operational conditions throughout the first phase of the experimentation.  

Test Operation time [d] Light/dark ratio Q [L d− 1] Night aeration 

1 14 16/8  0.25 No 
2 7 16/8  0.25 Yes 
3 10 12/12  0.25 No 
4 11 12/12  0.25 Yes 
5 4 16/8  0.1 No 
6 6 16/8  0.5 No  
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and PhMFC2 (51.72 mA m− 2) were both achieved during Test 2, cor-
responding to 5.5 ‧ 10− 4 kWh m− 3 and 3.1 ‧ 10− 4 kWh m− 3, respectively, 
in terms of electricity production. It is important to point out that 
electricity production peaks occurred during nighttime in aerated tests, 
during daytime in tests without aeration. 

3.2. Organic matter removal efficiency and coulombic efficiency 

Organic matter removal efficiency (ηCOD) and coulombic efficiency 
(CE) were evaluated for each tested condition. During the first four tests, 
the influent solution’s organic load rate (OLR) was nearly constant 
(0.491 ± 0.014 kg COD m− 3 d− 1), however, the two PhMFCs present 

different performances in terms of ηCOD, with generally better perfor-
mance by PhMFC1. This achieved between 52 and 77% COD removal, 
against 44 and 71% of PhMFC2 (Fig. 3). Such values are lower than 
those reported in other studies; this can be imputed to preferential in-
ternal hydrodynamics pathways in the anodic compartment due to 
electrode construction. In the last two tests, in which different flow rates 
were applied, the situation appeared drastically changed. In Test 5, 
ηCOD increased up to 90.2% for both reactors, while in Test 6, ηCOD 
reached 84.9% for PhMFC1 and 79.8% for PhMFC2, respectively. Re-
sults from Test 6 are particularly surprising since the flowrate increase 
led to augmented removal performance, likely connected to different 
hydrodynamics linked to an improved substrate distribution and 

Fig. 2. Electrical production in PhMFC1 and PhMFC2. a) 16/8 without night aeration; b) 16/8 with night aeration; c) 12/12 without aeration; d) 12/12 with night 
aeration; e) 16/8, Q = 0.1 L d− 1; f) 16/8, Q = 0.5 L d− 1. Dotted lines: average voltage. 

Fig. 3. OLR, COD removal and CE for PhMFC1 and PhMFC2 throughout the study.  
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biomass composition (Vilà-Rovira et al., 2015). CE varied throughout 
the study between 1 and 7%, depending on flowrate operated, organic 
loading rate, light conditions, and presence of night aeration, with 
overall better results for PhMFC2. The best results in PhMFC2 operation 
were achieved in tests without night aeration (7.16%). The lowest CE in 
both PhMFCs was obtained during Test 6 (1%). Such values are lower 
than previous studies from the group and reported in the literature, 
confirming the presence of competitive bacteria such as methanogens 
may be responsible for the augmented organic matter degradation 
(Bolognesi et al., 2021). 

3.3. COD and nutrient removals 

In the latter phase of the experimentation, COD, nitrogen and 
phosphorous removals were evaluated. COD, TN and TP analysis were 
repeated two times in duplicates during Test 6 (Table 2). 

PhMFCs’ cathodes as polishing step for anodic treatment of waste-
water, with better overall performance for PhMFC2 in terms of nutrient 
removal (up to 62% TP removal and 55% TN removal, considering the 
performance of both chambers), while PhMFC1 achieved better per-
formance in terms of COD removal (up to 94% in the anodic plus 
cathodic compartment performance). From these results, it appears that 
the microbial community developed differently in the two cell repli-
cates, both in the anodic and the cathodic compartments, with a stronger 
microalgae community in PhMFC2. The alternate of light and dark 
phases switched the metabolism from autotrophic to mixotrophic, 
actively contributing to acetate removal. 

4. Assessing PhMFC setup in terms of energy losses and internal 
resistance 

The performance of the systems was assessed in terms of polarization 
curves and energy losses. Energy losses represent the difference between 
theoretical maximum voltage (i.e., electromotive force) and measured 
voltage at the electrodes of an MFC. Several factors affect the electric 
performance of MFCs: anode and cathode overpotentials, membrane 
overpotentials, pH and conductivity (ionic) gradients. Fig. 4 represents 
the distribution of energy losses for PhMFC1 and PhMFC2. 

In the two PhMFCs, cathode overpotentials accounted on average for 
78% of PhMFC1’s losses, 84% of PhMFC2’s, while anode overpotentials 
for 18% in PhMFC1, and 8% in PhMFC2, representing the second major 
source of energy losses, confirming cathode efficiency as the limiting 
step in MFC technology (Puig et al., 2012). Anodic overpotential may be 
caused by increased competitive microbial community activity, such as 
methanogenic bacteria (Molognoni et al., 2014). The high concentration 
of COD and high OLR operated in this study may have affected the 
anodic performance. Karamzadeh et al. (2020) reported that an 
increased concentration of organic feed reduces the efficiency in elec-
trons production and transfer, likely to the development of competitive 
biomass, while Kaur et al. (2014) suggested anodic starvation as a 
technique to inhibit methanogens. Membrane overpotentials only 
moderately affected the overall balance (3 and 4% of overall losses), 
while pH and electrolyte overpotentials were considered negligible, as 
expected from the recirculation of the same medium in both chambers 
with a low gradient in terms of pH (8.47 ± 0.21) and conductivity (2.65 
± 0.53 mS cm− 1). 

Cathode overpotentials in both units were extremely high, thus 
reactor design and development of a strong catalyst should be improved. 
To reduce cathode overpotentials different strategies can be applied, for 
example, the use of more biocompatible electrode materials (Kalathil 
et al., 2018) and increasing the electrode surface (Karamzadeh et al., 
2020). In this study, the cathode electrode surface was minimized to 
allow light passage inside the reactor to enhance the microalgae 
photosynthetic reaction; it has also to be taken into account that using 
algal biocathodes may reduce electron transfer efficiency due to fouling 
phenomena, as already detected in previous studies (Bolognesi et al., 
2021). 

The electrochemical characterization was complemented with the 
polarization curves. They were performed to evaluate variations in the 
internal resistance of the two PhMFCs. Fig. 5 shows the polarization 
curves and the relative internal resistance values obtained in each test. 
The performance of the two reactors was different, with better results for 
PhMFC1. The electrochemical performance of the two PhMFC was not 
very similar, despite the same conditions were applied to both reactors. 
One of the two reactors (PhMFC2) presented some hydraulic issues at 
the beginning of the experimentation, and this affected its performance 
under all aspects, including the electrochemical one. Table 3 resumes 
the electrochemical parameters detected during the experimentation. It 
is possible to notice that the open circuit value OCV of PhMFC2 was 
generally higher than PhMFC1’s. All electrochemical parameters (Isc, 
short circuit current; Pmpp, maximum power point; Impp and Vmpp, cur-
rent and voltage at maximum power point, respectively) are lower for 
PhMFC2 in almost all conditions tested, with the exception of the last 
test, where the values were alike for both PhMFCs. Internal resistance 
values (Rint) calculated, consequently, were also always higher for 
PhMFC2. Considering the slope of the first part of the polarization curves 
achieved in this experimental, activation losses were predominant in all 
conditions tested, thus, better design of electrodes to improve the elec-
tron transfer is necessary to overcome the limitations emerged in this 
study. It is possible to notice an increasing trend in internal resistance for 
both units over time, except PhMFC2 in Test 5, where the maximum 
value (247 Ω) was detected. This gradual increase may be imputed to the 
growth of microalgae over time, causing progressive fouling phenomena 
on the electrode surface and membrane. The external resistance origi-
nally applied (43 Ω), calculated from polarization curves performed 
after the startup of the two PhMFCs, was three times lower than the one 
detected at the end of the experimentation. 

5. Implications of microalgae integration in PhMFCs 

Using microalgae as biocathode catalysts and TEA providers in a 
PhMFC system can improve its economic/energy balance by decreasing 
(or eliminating) the cost of aeration, and reducing GHG emissions by 
direct consumption of the anodically-produced CO2. The presence of 
microalgae can also improve the overall economic balance and Circular 
Economy value of wastewater treatment, by exploiting different mate-
rials and biofuels precursors potentially recoverable from the conversion 
of algal biomass, especially regarding liquid biofuels (Dasan et al., 2019; 
Liang et al., 2015). 

Currently, costs for biodiesel production from microalgae are very 
high, with artificial light and carbon source supply having greater im-
pacts. By increasing the lipid content of biomass, the cost of biodiesel 

Table 2 
Nutrient removals in Test 6.   

CIN 

[mg L− 1] 
COUT,A1 [mg L− 1] COUT,C1 [mg L− 1] COUT,A2 [mg L− 1] COUT,C2 [mg L− 1] ηA1 

[%] 
ηC1 
[%] 

ηA2 
[%] 

ηC2 
[%] 

ηtot 

PhMFC1 
[%] 

ηtot 

PhMFC2 
[%] 

COD 800 193 ± 15 51 ± 12 363 ± 39 117 ± 14 76 74 55 68 94 85 
TP 666 375 ± 54 325 ± 23 340 ± 42 255 ± 16 44 13 49 25 51 62 
TN 20 10 ± 2 9 ± 1 16 ± 2 9 ± 0 50 10 20 44 55 55  
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production from algae could decrease from 5.1 $ L− 1 to 2.3 $ L− 1 (Fei 
et al., 2015). It should be noted that, apart from oils, algal biomass also 
contains significant amounts of proteins, carbohydrates and other nu-
trients (Morales-Sánchez et al., 2015). Alternative product outcomes, 
such as chemicals and recovery of different materials, can also be 
considered, enhancing the overall economics of microalgae biorefineries 
(Yu et al., 2017). 

Another possible application is as slow-release fertilizers, which are 

recoverable in form of dried biomass or biochar from pyrolysis, 
depending on process operational parameters during thermal treatment 
(Bolognesi et al., 2019). Biofertilizers and biostimulants appear to be 
one of the most economically appealing fields in algal technology, with 
market prices in the range of 9–23 € kg− 1 for biostimulants, and 0.2–0.5 
€ kg− 1 for biofertilizers (Daneshgar et al., 2018; Voort et al., 2015). 

Thus, perspectives for the combined use of MFCs and microalgae, 
exploiting liquid waste streams’ embedded resources and reducing 

Fig. 4. Energy losses (mV) throughout the experimentation.  

Fig. 5. Polarization and power curves for MFC1 and MFC2 and relative internal resistance variation throughout the experimentation.  

Table 3 
Electrochemical performance of PhMFC1 and PhMFC2.   

PhMFC1 PhMFC2 

Test OCV [mV] Rint [Ω] Pmpp 

[mW] 
Impp [mA] Vmpp 

[mV] 
Isc [mA] OCV [mV] Rint 

[Ω] 
Pmpp 

[mW] 
Impp [mA] Vmpp 

[mV] 
Isc [mA]  

1  260  51  0.34  2.64  134  4.71  340  57  0.22  2.02  112  4.65  
3  390  59  0.30  2.29  134  3.93  370  71  0.22  1.79  126  3.93  
5  190  102  0.15  1.23  125  2.28  240  243  0.06  0.54  126  1.23  
6  380  135  0.21  1.28  172  2.68  450  137  0.22  1.28  173  2.54  
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wastewater treatment energy requirements, could be both sustainable 
and economically interesting when considering the worth of the prod-
ucts potentially obtained from algal biorefinery, and not only the (still 
limited) bioelectricity production. 

6. Conclusions 

This study assessed the performance of two PhMFCs operated 
continuously for 52 days, varying light/dark conditions, flow rates and 
oxygen supply method. Both PhMFCs proved effective in COD, TN and 
TP removal in the combined anode-cathode treatment, reaching ηCOD 
up to 95%, and ηTP and ηTN between 50 and 60%. Cathode design was 
probably the cause of high energy losses in the compartment (78 and 
84%, respectively). The limitation in the anodically-produced CO2 
photosynthetic conversion into oxygen restrained the electrical energy 
production. Electricity production and COD removal rate increased at 
higher applied flow rates due to higher turbulence and OLR. 
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