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A B S T R A C T   

Microbial electrolysis cells (MECs) permit to couple the oxidation of waste organic streams (e.g., wastewater, 
fermentate or digestate) with the reduction of carbon dioxide into products with a high market value (e.g., 
methane or acetic acid). MECs exploit the ability of electroactive microorganisms to use a solid electrode as final 
electron acceptor or donor. Here, a micro pilot tubular MEC has been set up combining the anodic oxidation of 
the organic matter with the bioelectromethanogenesis reaction in the cathodic chamber. Seven different syn
thetic feeding solutions, simulating a domestic wastewater or an acidogenic fermentate, have been used to test 
different C/N ratio on the performance of the MEC bioanode in the range between 25 and 0.4 (molC/molN). As a 
main result it was found that, under the same operating conditions (i.e., anode potential controlled at + 0.2 V vs 
SHE and HRT of 0.5 d), a high C/N ratio (e.g., 19 mol/mol) promotes the bioelectrochemical metabolism of the 
electroactive biofilm. These findings are relevant for a practical application of the technology considering the 
variable content of carbon and nitrogen in real feedstocks.   

1. Introduction 

The importance of water reclaim is crucial for human footprint 
reduction, therefore the European union decided to bet on a variety of 
technologies to intelligently clean water with an energy and material 
recovery [1]. The anaerobic digestion (AD) is a consolidated technology 
capable to transform solid or liquid organic waste into biogas and 
digestate [2]; biogas is a gas mixture mainly composed by carbon di
oxide and methane which has a high calorific power and can be con
verted in electric power by CHP units [3]. Moreover, biogas can be 
transformed into biomethane, an analogous of natural compressed gas 
(NCG), through a purification and upgrading step [4,5]. Those steps 
permit to obtain biomethane through the impurity’s removal (such as 
NH3, H2S) and increase the CH4 content up to 95% by the selective 
removal of the CO2 [6,7]. The present upgrading technologies, already 
available at a commercial level are based on physicochemical properties 
which usually require important capital and operational costs [8]. The 
increasing market share indicates that the biomethane industry is open 
for new technologies [9], furthermore, the use of upgraded biogas in 
transport applications has increased as result of the new opportunities 
for the use of biogas and benefited from various support schemes and 
programs [10]. Technological improvements in biogas upgrading 

technologies to biomethane could lead to lower energy intensity and 
improved cost performance that could make biomethane cost competi
tive with fossil fuel use in transport [11]. The catalytic reduction of CO2 
into CH4, also known as Sabatier reaction, has high operational costs, 
which include Ni based catalysts and high temperature and pressures, 
however, an interesting and effective approach can be offered using 
biological methanation of the CO2 which involve the use of the meth
anogenesis reaction [12]. During the last years an innovative strategy 
for biogas upgrading and purification has raised thanks to its ability to 
abate and reduce CO2 into CH4 exploiting the locally produced H2 [13, 
14]. This technology consists in the utilization of a microbial electrolysis 
cell (MEC) for its ability to reuse wastewater such as digestate or fer
mentate to extract the reducing power needed to reduce CO2 into CH4 
[15,16]. This is possible thanks to the ability of some microorganisms 
called electroactive precisely for their ability to use electrodes as elec
tron donor or acceptor [17–20]. To sum up, if the interacting biofilm 
uses the solid-state electrode as final electrons acceptor this system can 
be named bioanode, on the other hand a system consisting in a biofilm 
using an electrode as electron donor can be named biocathode [21]. 
Biocathodes are used for many applications such as the bioremediation 
for polluted waters [22,23] and recovery of nutrients such as phosphates 
and ammonium [24–27]. The reduction of CO2 into CH4 could be 
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performed by the biofilm directly taking the reducing power from the 
electrode (bioelectromethanogenesis [28]) using particular membrane’s 
proteins and/or conductive pilii [29] or can be mediated by a molecule 
able to be reduce/oxidize like 2H+/H2 [30]for hydrogenophilic meth
anogenesis. To make this possible inside a MEC, an external potential 
must be applied to obtain the necessary reducing power [31]. Several 
studies were made to couple a bioanodic oxidation reaction to the 
cathodic reducing reaction to lower the energetic consumption needed 
to apply the electric potential [32]. Moreover, a second but more sig
nificant CO2 removal mechanism, further than its reduction, was studied 
inside a MEC’s cathodic chamber, which exploits the alkalinity gener
ated by the ongoing reactions [28]. Generally, the alkalinity inside the 
cathodic chamber is generated by the usage of protons, for either 
hydrogen or methane generation, and for the “non-refueling” of protons 
caused by the transport of different ionic species through the membrane 
[33]. Furthermore, many studies suggested to use an MEC to upgrade 
the biogas outcoming from an anaerobic digestor exploiting its double 
mechanism to remove CO2 from a gaseous mixture [32]. Here, a 12L 
micro-pilot tubular MEC has been built to be integrated with an anaer
obic digestor in which biogas upgrading is performed inside the cathodic 
chamber along with the COD oxidation inside the anodic chamber. In a 
previous study [34], three different nitrogen loading rates (NLR) were 
tested in the tubular MEC showing a significative change in bioanode 
performance in terms of electricity production and COD removal. Based 
on those previous evidence, additional runs at different COD and ni
trogen load rate have been conducted in order to study the role of the 
carbon/nitrogen ratio on the anodic biofilm and in general on the 
overall tubular MEC’s performances, mainly in terms of electricity 
production, nitrogen recovery, COD removal, CO2 abatement, CH4 
production and energetic consumption. The feasibility of this process 
showed the great versatility of the MEC which allows to couple target 
anodic and cathodic processes in one process operated with the use of 
the sole electrical energy. Moreover, in literature the attempts of scaling 
up a MEC for biogas upgrading are limited, and this work describes 
many aspects of the bioelectrochemical upgrading approach to be a 
starting point for further scale up of the process. 

2. Materials and method 

2.1. Set up of the tubular pilot scale MEC 

The reactor consisted in a 12 L Plexiglas cylinder, 1.5 m high, divided 
into two concentric chambers separated by a 2355 cm2 cation exchange 
membrane (CEM FKS-PET FUMASEP, Fumatech GmbH 0.013 cm of 
thickness). The inner/anodic chamber having a volume of 3.14 L, was 
filled with graphite granules (diameter ranging between 0.2 cm and 4 
cm) and inoculated with activated sludge coming from a full-scale 
municipal wastewater treatment plant located in Treviso (Italy). The 
outer/cathodic chamber was filled with graphite granules and had a 
volume of 8.80 L, was inoculated with a different type of inoculum: a 
digestate coming from an anaerobic digester located in Treviso (Italy). 
Using a peristaltic pump, the catholyte was continuously recirculated, 
simultaneously a gaseous mixture containing CO2 (30/70 CO2/N2 v/v) 
was continuously fed from the bottom of the cathodic chamber. The 
anodic chamber was continuously fed from the bottom with a peristaltic 
pump at a flow rate of 7 L/d, resulting in a hydraulic retention time 
(HRT) of 11 h. The feeding solution contained a synthetic mixture of 
volatile fatty acids (VFA: acetate, propionate and butyrate) to simulate 
the composition of an acidogenic fermentate. Indeed, as reported in the 
literature [35] acidogenic fermentate coming from a two-stage AD plant, 
represents a suitable source of COD to sustain the bioelectrochemical 
process. VFA were added to a mineral medium (MM) which was 
composed by: NH4Cl (0.125 g/L), MgCl2 * 6H2O (0.1 g/L), K2HPO4 (4 
g/L), CaCl2 * 2H2O (0.05 g/L), 10 mL/L of a metal solution, and 1 mL/L 
of a vitamin solution. Three different concentrations of VFA were used to 
change the organic loading rate (OLR) from 2.55 gCOD/Ld to 3.82 and 

5.11 gCOD/Ld. To increase the nitrogen loading rate (NLR) from 73 
mgN/Ld to 2229 mgN/Ld, the NH4Cl concentration was modified from 
0.125 g/L to 3.82 g/L. On the top of the tubular MEC two glass sampling 
chambers were used to sample both the liquid and the gaseous phase of 
the anodic and cathodic compartment. A digital barometer was used to 
measure the pressure of the gaseous inlet to the cathodic chamber. The 
water electroosmotic diffusion through the CEM increased the liquid 
level inside the cathodic chamber, therefore a daily spill was performed 
to maintain constant the liquid volume of the catholyte. The reactor 
operated at controlled laboratory temperature (25 ◦C). The MEC was set 
in a three-electrode configuration with the cathode operated as counter 
electrode, the anode as working electrode and an Ag/AgCl electrode 
placed in the anodic chamber as reference electrode. The minimum 
distance between two graphite granules is the thickness of the mem
brane (i.e., 0.013 cm) while the maximum distance (between a graphite 
granule in the middle of the anodic chamber and a granule placed in the 
external part of the cathodic chamber) is 10 cm. The average distance 
between two granules placed one inside the anodic and the other in the 
cathodic chamber at the same height is 5 cm. The anodic potential was 
controlled by an AMEL 5489 potentiostat at + 0.2 V vs SHE (standard 
hydrogen electrode) during the whole experimentation. Indeed, due to 
previous experimentations [ [32,36]], in which many anodic potentials 
were investigated and evaluated in terms of thermodynamical calcula
tions in order to identify the optimal value for the anodic potential, it 
was chosen to operate at + 0.2 V vs SHE. The anodic and cathodic po
tentials were measured using a digital multimeter and an Ag/AgCl 
reference electrode was placed inside each MEC chamber. Two digital 
multimeters (Aim-TTI 1604) were connected to the system to continu
ously measure the flowing current and the potential difference. 

2.2. Analytical procedures 

The chemical oxygen demand (COD) was calculated multiplying the 
conversion factor (1.067 mgCOD/mgacetate; 1.51 mgCOD/mgpropionate; 
1.82 mgCOD/mgbutyrate) by the VFAs’ concentration measured with a 
gas-chromatograph (GC; DaniMaster, stainless-steel column packed 
with molecular sieve; He as carrier gas 18 mL/min; oven temperature 
175 ◦C; flame ionization detector (FID) temperature 200 ◦C). The 
methane content of the gas phase has been analysed sampling 10 μL of 
the headspace of the compartments by a gas-tight Hamilton syringe and 
injecting it into gas-chromatograph (GC; DaniMaster, stainless-steel 
column packed with molecular sieve; He as carrier gas 18 mL/min; 
oven temperature 70 ◦C; flame ionization detector (FID) temperature 
200 ◦C); on the other hand, the CO2 and H2 determination has been 
performed by injecting 50 μL of gaseous sample into a DaniMAster 
gaschromatograph (stainless-steel column packed with molecular sieve; 
N2 as carrier gas 18 mL/min; oven temperature 70 ◦C; thermal- 
conductivity detector (TCD) temperature 150 ◦C). The inorganic car
bon was measured by TOC (Total Organic Carbon Analyzer-V CSN; 
Shimadzu) on filtered samples (0.2 μm). The Nessler method was used to 
determine spectrophotometrically (420 nm) the concentration of 
ammonium ion. The VSS were measured using GF/C filter (47 mm 
diameter, 1 μm porosity) following the APHA-AWWA-WPCF (1992) 
procedure. 

2.3. Theoretical computations 

The removed COD is calculated as the difference of the COD inside 
the feeding solution and the COD in the outlet, as reported by equation 
(1). 

CODremoved =Fin ∗ CODin − Fout ∗ CODout (1)  

in which CODin (mg/L) and CODout (mg/L) represent respectively the 
anodic influent and effluent COD while Fin(L/d) is the influent and 
Fout(L/d) is the effluent flow rate of the anodic chamber (L/d). The 
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efficiency for COD removal was calculated with equation (2). 

CODremoval efficiency =
(CODin − CODout)

CODin
(2) 

The COD converted into electric current was expressed as electrons’ 
equivalents, considering the water oxidation reaction (equation (3).) 

2H2O → O2 + 4e− + 4H+ (3) 

The meqCOD was calculated by using a theoretical conversion factor 
of 4 meq/32 mgO2. 

The Coulombic Efficiency (CE%) represents the amount of COD 
converted into current by its oxidation; it was evaluated as the ratio 
between the registered electric current and the theoretical electric cur
rent producible with the measured COD removal. 

CE=
meqi

meqCOD
(4) 

The cumulative electric charge (meqi) was calculated by integrating 
the current (A) over time and dividing it by the Faraday’s constant (F =
96485 C/eq). 

The methane production rate rCH4(mmol) (mmol/d) was also 
expressed in terms of equivalents rCH4(eq) (meq/d), considering the 
theoretical conversion factor of 8 meq/mmolCH4, which was computed 
following the semi-reaction 5. 

CO2 + 8e− + 8H+ → CH4 + 2H2O (5)  

rCH4(mmol) ∗ 8= rCH4(meq) (6) 

The Cathode Capture Efficiency (CCE, %) is the fraction of the 
flowing electric current diverted into a reduced product (i.e., methane, 
acetic acid) inside the cathodic chamber. It was calculated by the ratio 
between the cumulative equivalents of produced methane (meqCH4) in a 
fraction of time and the cumulative electric charge flowed in the MEC 
during the same fraction of time: 

CCE=
meqCH4

meqi
(7) 

The following equation was used to calculate the potential loss ∑ η 
(V) which represent the sum of the overpotentials. 
∑

η=ΔV(exp) − ΔV(meas) (8) 

ΔVexp is the difference of potential measured between the cathode 
and the anode during the experiment and ΔVmeas represent the calcu
lated potential difference according to equation (9) 

ΔV(meas) =Ecath(meas) − Ean(meas) (9) 

In which Ecath(meas) and Ean(meas) are the measured potential vs the 
reference electrode placed in the respective chamber. The following 
equation was used to calculate the cathodic potential loss 

∑
ηcat (V) 

which represent the sum of the cathodic overpotential. 
∑

ηcat =Emeas
cath − Eth

cath (10) 

In which Emeas
cath is the measured value during the experimental period 

whereas Eth
cath represent the theoretic value calculated with the Nernst 

equation (11) 

Eth
cath =E0 −

RT
2F

ln
pH2

[H+]
2 (11) 

In which E◦ for H+/H2 is equal to 0 V, F is the Faraday’s constant 
(96485 C/mole-), R is the universal gas constant (8.314 J/molK) and T is 
the temperature expressed in Kelvin. The pH2 used is 10− 4 atm which is 
the maximum hydrogen’s partial pressure on which methanogens work. 

The potential losses linked to the pH gradient and to the electrolyte 
resistance were calculated as reported in Ref. [37]. 

ηpH =
RT
F

ln (10(pHcathode − pHanode)

)

(12) 

In which, as in equation (11), F is the Faraday’s constant (96485 C/ 
mole-), R is the universal gas constant (8.314 J/molK) and T is the 
temperature expressed in Kelvin. 

ηionic = Iions
(

1
2
Ranode +

1
2
Rcathode

)

= Iions
(

dan
2Aσan

+
dcat

2Aσcat

)

(13)  

Iions represent the amount of charges migrated through the membrane 
(the value is the same of the registered electric current Cs = A), R is the 
resistance of the liquid phase which can be calculated knowing the 
distance “d” of the electrode from the membrane (cm), the membrane’s 
area “A” (cm2) and the conductivity ( S

cm) of the liquid phase. 

2.4. Nitrogen mass balance 

The daily nitrogen removal (ΔN; mg/d) has been evaluated by the 
following equation 

ΔN=Fin ∗ Nin − Fout ∗ Nout (14) 

In which Fin and Fout (L/d) are the influent and effluent liquid flow 
rates, respectively. Moreover, Nin and Nout (mg/L) represent the nitro
gen concentration inside the inlet and outlet of the anodic chamber. 

Since the nitrogen was in form of ammonium, it could migrate 
through the CEM, and it was detected inside the cathodic chamber 
where it was recovered inside the daily spill. A small portion of 
ammonium is used by microorganisms for growth, it was taken into 
consideration for the mass balance equation according with the generic 
biomass composition (C 5H7O2N). 

Fin ∗ Nin =Fspill ∗

(

VSSout cat ∗ 0.12
gN
gVSS

+NCat

)

+ Fout ∗

(

Nout +VSSout anode

∗ 0.12
gN
gVSS

)

(15) 

In which Fin and Fout (L/d) are the influent and effluent liquid flow 
rates, respectively. Moreover, Nin and Nout (mg/L) represent the nitro
gen concentration inside the inlet and outlet of the anodic chamber. Ncat 
represent the nitrogen concentration (mg/L) inside the cathodic cham
ber and Fspill is the daily spill (L/d) from the cathodic chamber; VSSout is 
the measured concentration (mg/L) of the volatile suspended solid 
(C5H7O2N) inside the anodic or cathodic effluent, 0.12 is the conversion 
factor used for determining the ammonium nitrogen used for the 
biomass growth (mgN/mgVSS). Moreover, the nitrogen contribution to 
the total charge transport inside the MEC has been calculated by using 
the following equation: 

iionic =
[
NH+

4

]
∗ Fspill ∗ Z ∗ F
86400s

(16) 

In which Fspill represent the daily spill (L/d) from the cathodic 
chamber, [NH4

+] is the ammonium concentration (mol/L) inside the 
cathodic chamber. Z is the amount of charge transported by the cation, F 
is the Faraday’s constant (96485 C/mole-) and 86400 are the second in 
one day. 

2.5. Inorganic carbon mass balance 

The daily removal of CO2 (ΔCO2, mmol/d) inside the cathodic 
chamber has been evaluated by equation (17): 

ΔCO2 =Qcatin ∗ CO2 in − Qcatout ∗ CO2 out (17)  

in which Qcatin (L/d) and Qcatout (L/d) are the influent and effluent gas 
flow rates, respectively. Instead, CO2in and CO2out (mmol/L) represent 
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the CO2 concentrations in the influent and effluent gaseous cathodic 
streams, respectively. 

To make a balance it was considered that the inorganic carbon was 
present in many forms (i.e., CO2 and HCO3

− ion) inside the system, that 
the methane production and the CO2 sorption (as HCO3

− ion in the 
cathodic liquid phases) were the main cathodic CO2 removal mecha
nisms. The HCO3

− ion in the cathodic chamber is removed by the daily 
spill. 

Equation (18) represents the IC mass balance for the system: 

ΔCO2 = rCH4(mmol) +VSSspilled + HCO−
3spilled (18) 

The term rCH4(mmol) (mmol/d) represents the production rate of 
methane while VSSspilled and HCO3

−
spilled indicate the VSS and bicarbonate 

daily spilled from the cathodic chamber due to electroosmotic diffusion 
of water. 

The amount of bicarbonate or VSS spilled is calculated by equations 
(19) and (19bis) 

HCO−
3(spilled) =Fcat ∗ HCO−

3(cat) (19)  

VSS(spilled) =Fcat ∗ VSS(cat) ∗ 0.53
gC
gVSS

(19bis)  

Where Fcat is the amount of liquid spilled daily, VSScat and HCO3
−
cat 

represent the concentration of VSS (C5H7O2N) and bicarbonate inside 
the cathodic chamber, respectively. 

Knowing from equation (5) that for every 8 mol of electrons 8 mol of 
alkalinity are generated (if there is no migration of protons from the 
anodic to the cathodic chamber through the CEM, refueling protons 
inside the cathodic chamber) and 1 mol of CO2 is reduced into CH4, it’s 
possible to calculate a theoretical maximum CO2 removal capacity of the 
cathodic chamber. Equation (5) can be rewritten like 

CO2 + 8e− + 8H2CO3 → CH4 + 8HCO−
3 + 2H2O (5bis)  

Where the 8H+ are furnished by the carbonic acid, produced from the 
absorption of CO2 in water. Therefore, 8 mol of H2CO3 are the result of 
the absorption of 8 mol of CO2 which can be added to the one reduced 
into CH4. 

9CO2 + 8e− + 8H2O → CH4 + 8HCO−
3 + 2H2O (5tris) 

Starting from equation 5tris is possible to calculate the amount of 
CO2 theoretically removable and express it in many units of measure
ment.  

In which molCOmax
2removed indicates the maximum number of CO2 moles 

removable by a MEC, A is the current flowing (ampere), C is the charge 
exchanged on the electrode and d are days. 

3. Results and discussion 

3.1. Electric current generation and COD removal 

The electric current generated by the anodic biofilm was measured 
during the whole experimental period. Considering the COD removal all 
the parameters were determined to evaluate the anodic performance. 
Theoretically, a higher concentration of substrates should lead to a 
higher electric current generation, but there are very few data in liter
ature on the effect of a high nitrogen concentration inside the feeding 

solution of an electroactive biofilm. For this reason, four C/N ratio were 
tested, changing it from 0.6 to 0.8; 18.8; 25 (mol/mol) to determine a 
trend. In order to do this, two OLR values were used: 3.82 and 5.11 
gCOD/Ld; for both OLR two NLR (i.e., 73 and 2229 mgN/Ld) were used 
to compare the results with data of a previous experimentation [34]. 
During the 3.82 gCOD/Ld experimental periods characterized by a C/N 
ratio of 0.6 and 18.8 (mol/mol), the electric current generated from the 
biofilm was 288 ± 34 and 177 ± 17 mA, respectively. The COD removed 
from the bioanode was 2.34 ± 0.7 gCOD/Ld and 1.88 ± 0.68 gCOD/Ld, 
respectively, giving a COD removal efficiency of 75 ± 8% and 73 ±
12%. The corresponding CE were 17 ± 0.1% and 35 ± 0.3% demon
strating that the bioanode removes more COD with a low C/N ratio 
without exploiting its potential to produce an electric current probably 
due a non-electroactive metabolism. It is possible that the limited 
availability of nitrogen disturbed the metabolism of some other micro
organisms with the result of a lower COD consumption. Increasing the 
OLR to 5.11 gCOD/Ld the electric current decreased to 133 ± 15 and 
191 ± 14 mA for a NLR of 2229 and 73 mgN/Ld, respectively. The COD 
removed was the same i.e., 2.7 ± 1.0 and 2.7 ± 0.7 gCOD/Ld, sug
gesting that a high COD concentration boost non-electroactive metab
olisms (for example the archaea’s metabolism). Also, in this case the CE 
was higher with a low NLR, 16 ± 0.1% against 11 ± 0.1%, confirming 
the trend seen for the other case. Table 1 and Fig. 1 summarize the 
obtained data showing more clearly the C/N ratio role inside an elec
troactive bioanode comparing those experimental periods with two 
published periods in a previous study [34]. During the published periods 
the OLR was fixed at 2.55 gCOD/Ld and the NLR were 73 and 2229 
mgN/Ld, giving a C/N ratio of 12.5 and 0.4 (mol/mol), respectively. The 
electric currents generated by the bioanode with those conditions were 
190 ± 14 and 157 ± 7 mA with a COD removal efficiency of 29 ± 11 and 
89 ± 20%, respectively. Confirming that a higher NLR leads to a higher 
COD removal but also to a lower electric current, probably due to a 
non-electroactive metabolism of some microorganisms which lower the 
availability of substrates for electroactive microorganisms. This work 
aims to study how the MEC’s performance change by changing two 
parameters (OLR and NLR) in the feeding solution which simulate 
possible acidogenic fermentate composition. A possible next step will be 
using a real matrix coming from a fermenter which is the first stage of a 
two-stage anaerobic digester. Obviously, the composition of a real fer
mentate is variable due to the variability of the organic waste loaded 
inside the fermenter. Therefore, variations of nitrogen and organic 
carbon concentrations are usual. Moreover, a real matrix has a lower 
conductivity than the synthetic medium which means a higher resis
tance of the liquid medium. The resiliency of MECs is fundamental to 

work with real wastewaters, and this aspect also need to be further 
investigated. 

3.2. Nitrogen recovery 

The CEM permitted the nitrogen recovery in form of ammonium 
concentrating it inside the cathodic chamber against the concentration 
gradient. The ammonium nitrogen transport was possible due to the 
necessity of the system to maintain the electroneutrality inside the 
chambers during the proceeding of the reactions, indeed, the con
sumption of protons along with the arrival of electrons leads to migra
tions of cations from the anodic chamber to the cathodic one through the 
cation exchange membrane. Changing the OLR (only changing the 
concentrations of the VFAs, not the mineral medium), the nitrogen 

9 molCOmax
2removed : 8mole− → 1.125

molCOmax
2removed

mole−
→ 1.0074

molCOmax
2removed

Ad
or 24.6

Ndm3COmax
2removed

Ad
or 0.28

NmLCOmax
2removed

C
(20)   
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removal changes significantly: with an OLR of 3.82 gCOD/Ld it was 14 
± 1 mgN/Ld and 207 ± 11 mgN/Ld with a NLR of 73 mgN/Ld and 2229 
mgN/Ld, respectively; with an OLR of 5.11 gCOD/Ld the nitrogen 
removal was 5 ± 1 and 138 ± 10 mgN/Ld with a NLR of 73 and 2229 
mgN/Ld, respectively. The published experimental periods (in Cristiani 
et al., 2020) i.e., OLR 2.55 gCOD/Ld with a NLR of 73 and 2229 mgN/ 
Ld, permitted a daily removal of 4 ± 1 and 270 ± 12 mgN/Ld. The ni
trogen loading rate is 30 time higher than the one used before (73 mgN/ 
Ld), but with an OLR of 2.55 gCOD/Ld the nitrogen removed was 68 

times higher than the one obtained with a low NLR. In the other two 
cases (OLR 3.82 and 5.11 gCOD/Ld) the nitrogen removed was only 15 
and 28 times higher, respectively. Thus, those data demonstrate the 
dependency of the nitrogen removal on more than only one factor: the 
electric current, which as explained before depends on OLR and the 
NLR, and the relative amount of nitrogen inside the feeding solution 
which determines the percentage of ammonium between the total 
amount of cations present inside the feedstock. Assuming that in a 
steady state condition the production of microorganisms is equal to the 
amount of dying microorganisms plus the amount withdrawn with the 
liquid outlet stream. Knowing that the exiting VSS were steadily 417 ±
16 mg/d during every experimental period, we can assume that 50 ± 2 
mgN/d are exiting from the system as microorganism (assuming a mo
lecular formula of C5H7O2N). Knowing from the VSS analysis, that 
changing the C/N ratio did not change significantly the amount of mi
croorganisms inside the system we can exclude microbial growth as 
main nitrogen removal mechanisms. Therefore, the two main factors 
influencing the nitrogen recovery and removal are the electric current 
and the percentage of ammonium between the total amount of cations 
inside the feedstock. Fig. 2 clearly shows that in this system the best C/N 
ratio, in terms of percentage of nitrogen recovery inside the liquid outlet 
from the cathodic chamber, was 18.8 molC/molN i.e., OLR of 3.82 

Fig. 1. Anodic performance registered during the experimental periods (both periods characterized by an OLR of 2.55 gCOD/Ld were published in Cristiani et al., 
2020 [34]). 

Fig. 2. Nitrogen’s recovering efficiencies (A) and electric current obtained during the different C/N ratios (B) (both periods characterized by an OLR 2.55 gCOD/Ld 
were published in Cristiani et al., 2020 [34]). 

Table 1 
Anodic performance of each investigated experimental period (*previously 
published periods in Cristiani et al., 2020 [34]).  

OLR (gCOD/Ld) 2.55 * 3.82 5.11 

NLR (mgN/Ld) 73 2229 73 2229 73 2229 

C/N (mol/mol) 12.5 0.4 18.8 0.6 25 0.8 
i (mA) 190 ±

14 
157 ±
7 

288 ±
34 

177 ±
17 

191 ±
14 

133 ±
15 

COD removed 
(gCOD/Ld) 

0.63 ±
0.09 

1.70 ±
0.2 

1.9 ±
0.7 

2.3 ±
0.7 

2.7 ±
0.7 

2.7 ±
1.0 

CE (%) 68 ± 14 22 ± 3 35 ±
0.3 

17 ±
0.1 

16 ±
0.1 

11 ±
0.1  
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gCOD/Ld and NLR of 73 mgN/Ld. This feeding solution permitted to 
obtain the highest electric current but at the same time had the lowest 
percentage of ammonium with respect of all the present cations (like all 
the experimental periods characterized by a NLR of 73 mgN/Ld, i.e., 
4.7% molN/molcations or 4.6% CNH4

+/Ccations). 
The migration of ammonium, along with the other cations, trans

ports charges and therefore permitted to maintain the electroneutrality 
inside the system. The quantity of migrated ammonium depends on the 
composition of the feeding solution and on the amount of electric cur
rent, for this reason the differences between the results obtained with 
two NLR were net. Potassium was the most present cation inside the 
feeding solution 92.3% (molK+/molcations or 89.6% Charges/Ccations) 
during the 73 mgN/Ld periods and 69.5% (molK+/molcations or 67.9% 
Charges/Ccations) during the 2229 mgN/Ld periods. For this reason, it is 
probable that most of the charge was transported through the membrane 
by this cation. Knowing that the ions’ radiuses (which are 147 p.m. and 
138 p.m. for NH4

+ and K+, respectively) are similar, the interesting result 
consist in the amount of migrated ammonium: the feeding solution used 
during the 2229mgN/Ld periods was characterized by a percentage of 
ammonium, with respect of the cations’ sum, of 28.2% (molN/molcations 
or 27.6% CNH4

+/Ccations), but the amount of charge counterbalanced by 
the ammonium’s migration was 119 ± 1, 83 ± 1 and 74 ± 4% with an 
OLR of 2.55, 3.82 and 5.11 gCOD/Ld, respectively. To summarize, as 
shown in Table 2, the micropilot reactor permitted an efficient nitrogen 
removal by concentrating it inside the catholyte and the increase of the 
ammonium concentration inside the feeding solution enhanced this 
performance even more than expected. In order to recover nitrogen, it is 
possible to add to the daily spilled solution (which has a high ammo
nium concentration) phosphate and magnesium (mole-to-mole ratio 
1:1:1) which will give a struvite precipitation (MgNH4PO4⋅6H2O). The 
struvite has a low solubility in water therefore it is widely utilized for 
phosphate or nitrogen recovery from wastewaters. 

3.3. Methane production 

The cathodic chamber was inoculated with digestate, which contains 
methanogens capable of exploiting the reducing power furnished by the 
system to transform CO2 into CH4. A gaseous mixture containing 30% 
CO2 (v/v) was continuously fed inside the cathodic chamber to perform 
the upgrading of a synthetic biogas (for security reasons the 70% (v/v) 
left was not CH4 but N2, equally inert and with a similar henry’s con
stant). During the experimental periods characterized by a NLR of 2229 
mgN/Ld, as a results of the nitrogen migration, the concentration of 
ammonium in the catholyte resulted over 1.4 gN/L. This high concen
tration has partially inhibited the methane production which reached its 
maximum (10 ± 1 mmol/d) during the period characterized by an OLR 
of 3.82 gCOD/Ld (during the period characterized by an OLR of 5.11 
gCOD/Ld the CH4 production was 6 ± 1 mmol/d). As a result, the CCE 
were 51 ± 4% and 42 ± 5% for the OLR 3.82 and 5.11 gCOD/Ld periods, 
respectively. In contrast, the methane production during the experi
mental periods characterized by a NLR of 73 mgN/Ld was 18 ± 1 and 23 
± 4 mmol/d with an OLR of 3.82 and 5.11 gCOD/Ld, respectively. The 

resulting CCE were 61 ± 1 and 108 ± 11%, confirming that a low NH4
+

concentration it’s preferable inside the catholyte. Therefore, as shown in 
Fig. 3, for an efficient production of methane is preferable to start from 
feedstock with a low concentration of ammonium. Or as a solution, is 
important to remove the ammonium from the catholyte to limit the 
inhibition of the methanogens. To compare with the published periods, 
with an OLR of 2.55 gCOD/Ld the methane production inside the 
cathodic chamber was 9 ± 1 and 10 ± 1 mmol/d with a NLR of 73 and 
2229 mgN/Ld, respectively. The resulting CCE was 42 ± 3 with a NLR of 
73 mgN/Ld (which is the lowest CCE obtained with a low NLR) and 54 
± 4% with a NLR of 2229 mgN/Ld (which is the highest CCE obtained 
with a high NLR). 

3.4. CO2 abatement 

CO2 removal in the cathodic chamber of the tubular MEC was 
assessed by setting the corresponding mass balance which consider the 
CO2 reduction into methane and the CO2 transformation into HCO3

− for 
the alkalinity generated in the cathodic chamber. CO2 sorption was 
driven by the continuous alkalinity production generated by the 
migration of cationic species like ammonium instead of protons. The 
alkalinity generation is directly correlated to the average electric current 
flowing in the circuit; thus, a higher current density should promote a 
higher CO2 sorption. The bicarbonate produced inside the cathodic 
chamber does not migrate or diffuse through the CEM, thereby, in a 
steady state condition, the produced HCO3

− is easily calculated 
measuring the amount of inorganic carbon (IC) daily spilled from the 
cathodic chamber. Predictably, the highest CO2 removal was obtained 
concurrently with the highest obtained electric current, i.e., 264 ± 11 
mmol/d and 288 ± 34 mA, respectively. 

Table 3 describes the results registered during each experimental 
period experimental period. The CO2 removal spilling the catholyte from 
the cathodic chamber contributed for more than the 90%, confirming 
that the generation of alkalinity is the main abatement mechanism. The 
CO2 reduction to methane contributed quite less (from 3 to 14%), for 
example, during the period characterize by an OLR 5.11 gCOD/Ld and a 
NLR 73 mgN/Ld the methane production contributed only for the 
abatement of 14 ± 1% of the total CO2 removed; moreover, the ab
sorption of CO2 with the production of HCO3

− contributed for the 84 ±
1%. The remaining 2% of the CO2 removed consist in VSS and precipi
tation of MgCO3 and CaCO3. The CO2 sorption favored by the generated 
alkalinity remains the main removal mechanism. For every mole of 
produced CH4, 8 H+ (4 to produce 2 H2O and 4 for the CH4) are 
consumed, therefore 8 mol of alkalinity are generated. With the gener
ated alkalinity is possible to remove 8 mol of CO2 producing 8 mol of 
HCO3

− , subsequently, the theoretical amount of CO2 removable through 
methanogenesis is only 1/9 (8 through alkaline water sorption plus 1 
through methanogenesis; 1/9 ≅ 11%) of the removed CO2. The CO2 
removal did change significantly, probably due to differences between 
the cathodic current densities (knowing that the cathodic chamber’s 
volume is 8.8 L, the current densities result between 18 ± 1 and 33 ± 4 
A/m3). Interestingly, the amount of CO2 daily removed divided by the 
current density gives a value which describes if the system is over or 
underperforming. Knowing from equations (5) and (20) that, theoreti
cally, a maximum of 9/8 mol of CO2 are abated for every mole of 
electrons flowing in the cathodic chamber, this value is 1.125 
molCOmax

2 removed/ mol e− or 24.6 Ndm3COmax
2 removed. In Table 3 are reported 

those values for each experimental period, showing that in only two 
cases (NLR of 73 mgN/Ld and OLR of 3.82 and 5.11 gCOD/Ld) the MEC 
has underperformed with a resulting value of 1.0 ± 0.1 molCOmax

2 removed, 
for both cases. This means that during every other experimental period, 
the MEC has abated more CO2 than the one theoretically predictable. 
Reading Table 3, is easily noticeable that a low NLR affects negatively 
the CO2 abatement. The performance value is always higher with a high 
NLR, and in case of a OLR of 5.11 gCOD/Ld the result is even 1.7 ± 0.1 

Table 2 
Nitrogen concentration and removal during the six experimental periods (* 
published periods in Cristiani et al., 2020 [34]).  

OLR (gCOD/Ld) 2.55* 3.82 5.11 

NLR (mgN/Ld) 73 2229 73 2229 73 2229 

i (mA) 190 
± 14 

157 ±
7 

288 
± 34 

177 ±
17 

191 
± 14 

133 ±
15 

[NH4
+]cathode 

(mgN/L) 
101 
± 9 

1985 
± 78 

95 ±
11 

2244 ±
104 

89 ±
13 

1460 
± 91 

Nitrogen removal 
(mg/Ld) 

4 ± 1 270 ±
12 

14 ±
1 

207 ±
11 

5 ± 1 138 ±
10 

mA transported by 
NH4

+ (%) 
1 ± 1 119 ±

1 
4 ± 1 83 ± 1 2 ± 1 74 ± 4  
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molCO2
mole− , suggesting that the feeding solution’s concentration has an impact 
on the CO2 abatement. Future studies will try to understand how the 
NLR or more generally the feeding solution’s composition affects the 
CO2 abatement. The latter could be enhanced by the interaction of 
different cations inside the catholyte or for a similar conductivity of the 
two liquid phases. 

3.5. Characterization of the MEC’s potential loss 

During the whole experimental period the electrodes’ potentials 
were monitored and measured to obtain a more complete picture of the 
MEC performance. It is important to take into account that the pH of 
both the anode feeding solution and the anolyte solution did not change 
significantly; their value resulted on average 6.8 ± 0.1 and 6.7 ± 0.2, 
respectively. The anodic potential was controlled by a potentiostat with 
a three-electrode configuration at + 0.2 V vs SHE, therefore, the 
cathodic potential was the one able to change significantly. With higher 
electric current flowing inside the MEC, the potential difference 
increased, and along with this increase the potential loss has raised. 
During the experimental period characterized by an OLR of 3.82 gCOD/ 
Ld and a NLR of 73 mgN/Ld the electric current was 288 ± 34 mA, the 
ΔV was – 3.3 ± 0.2 V and the potential loss was 2.1 ± 0.2 V, in contrast, 
during the experimental period characterized by an OLR of 5.11 gCOD/ 

Ld and by a NLR 2229 mgN/Ld the electric current was 133 ± 15, the 
potential difference was – 1.2 ± 0.1 and the potential loss was 0.5 ± 0.1 
V. 

The potential drop could be explained by the conductivity of the 
anolyte which changed by varying the C/N ratio inside the feeding so
lution. A higher concentration of ammonium implies a higher conduc
tivity and a lower difference with the conductivity of the catholyte. 
Simultaneously a higher concentration of ammonium inside the anolyte 
lowers the osmotic pressure. Moreover, a higher concentration of 
ammonium increases the availability of cations capable of migration 
through the CEM lowering the potential loss for the migration of cations. 
Therefore, the ionic loss was calculated following equation (13) re
ported in Ref. [37]. Ionic losses are significant higher for a system with 
low conductive liquid phases and as predicted, are significant higher for 
a low NLR. Along with the ionic losses, the pH split losses were calcu
lated following equation (12) and considering the differences between 
the pHs of the catholyte and the anolyte. The anolyte’s and catholyte’s 
pHs were stable during each experimental periods and there were small 
differences between the two values (on average 6.7 ± 0.2 vs. 7.6 ± 0.3), 
therefore pH gradient losses were similar during every experimental 
period. The total potential loss is significantly higher than the sum of the 

Fig. 3. Methane production inside the system during the four experimental periods.  

Table 3 
Inorganic carbon mass balance during the experimental periods (* published 
periods in Cristiani et al., 2020 [34]).  

OLR (gCOD/Ld) 2.55* 3.82 5.11 

NLR (mgN/Ld) 73 2229 73 2229 73 2229 

i (mA) 190 
± 14 

157 
± 7 

288 
± 34 

177 
± 17 

191 
± 14 

133 
± 15 

CO2 removal (mmol/ 
d) 

243 
± 15 

223 
± 11 

264 
± 11 

228 
± 15 

163 
± 12 

202 
± 13 

HCO3
−

spilled (mmol/d) 55 ±
5 

195 
± 20 

248 
± 10 

215 
± 7 

138 
± 10 

193 
± 15 

CH4 production 
(mmol/d) 

9 ± 1 10 ±
1 

18 ±
1 

10 ±
1 

23 ±
4 

6 ± 1 

Conversion yield CO2 

→ CH4 (%) 
4 ± 1 4 ± 1 7 ± 1 4 ± 1 14 ±

3 
3 ± 1 

molCO2removed
mole−

1.4 ±
0.1 

1.6 ±
0.1 

1.0 ±
0.1 

1.4 ±
0.1 

1.0 ±
0.1 

1.7 ±
0.1  

Table 4 
Summary of the potential losses during the experimental periods (* published 
periods in Cristiani et al., 2020 [34]).  

OLR 
(gCOD/Ld) 

2.55* 3.82 5.11 

NLR (mgN/ 
Ld) 

73 2229 73 2229 73 2229 

i (mA) 190 ±
14 

157 ± 7 288 ±
34 

177 ±
17 

191 ±
14 

133 ±
15 

ΔV (V) - 2.6 ±
0.2 

- 1.4 ±
0.1 

- 3.3 ±
0.2 

- 1.6 ±
0.1 

- 2.0 ±
0.1 

- 1.2 ±
0.1 

Ecat (V vs 
SHE) 

- 1.0 ±
0.1 

- 0.6 ±
0.1 

- 1.0 ±
0.1 

- 0.9 ±
0.1 

- 1.2 ±
0.1 

- 0.5 ±
0.1 

ηcath (V) 0.7 ±
0.1 

0.3 ±
0.1 

0.7 ±
0.1 

0.6 ±
0.1 

0.9 ±
0.1 

0.2 ±
0.1 

ηpH (V) 0.08 ±
0.01 

0.02 ±
0.01 

0.04 ±
0.01 

0.05 ±
0.01 

0.05 ±
0.01 

0.06 ±
0.01 

ηionic (V) 0.10 ±
0.01 

0.04 ±
0.01 

0.16 ±
0.01 

0.04 ±
0.01 

0.10 ±
0.01 

0.04 ±
0.01 

∑
η (V) 1.3 ±

0.1 
0.5 ±
0.1 

2.1 ±
0.2 

0.5 ±
0.1 

0.6 ±
0.1 

0.5 ±
0.1  
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ionic and pH gradient losses, this indicates that the main losses should be 
the ohmic drop losses. This result is inevitable inside big electrochemical 
systems, such as the one used for those experiment. Moreover, the 
cathodic overpotential was calculated following equations (10) and 
(11). Since the cathodic pH were stable and the pH2 was considerate 
stable too (at 10− 4 atm), the theoretic cathodic potential was more or 
less – 0.33 ± 0.02 V vs SHE for each condition. Subsequently, the 
cathodic potential losses variate along with the variation of the 
measured cathodic potential (see Table 4). The cathodic losses raised 
along with the electric current, suggesting an ohmic resistance or/and a 
charge transfer resistance. Also, this result is inevitable while using high 
scale electrochemical systems. Using materials with better performances 
than graphite granules could represent a solution, but the investment 
cost will inevitably raise. A possible comparison can be made with a twin 
system described in Cristiani et al., 2021 [32]. The electrodic material 
used was the same (i.e., graphite granules), the microorganisms inocu
lated were coming from the same bioreactors (Treviso), the only 
different was the membrane which was an AEM (anionic exchange 
membrane) instead of a CEM. The anodic potential was controlled at +
0.2 V vs SHE and during the first period described in Cristiani et al., 2021 
[32] the OLR was raised from 2.55 to 3.82 and to 5.11 gCOD/Ld (NLR 73 
mgN/Ld). The calculated cathodic overpotential (ηcath) were 0.99, 1, 
2.18 V, respectively. Those overpotentials are significantly higher than 
the ones obtained with the system described in this work (i.e., BES 
equipped with a CEM), which are in between 0.2 ± 0.1 V and 0.9 ± 0.1 
V. The enhancement of the performance could be explained by the 
higher bicarbonate concentration inside the catholyte (13 ± 1 g/L vs 2 
± 1 g/L) due to its catalytic effect [38]. The CEM membrane does not 
permit the diffusion of bicarbonate produced by the absorption of CO2. 
The graphite granules were used as electrodic material for their 
compatibility with biofilms formation, as well as for their good elec
trochemical properties such as conductivity and low degradability at the 
used potentials and, more importantly, for their low cost. A material 
with better performance will probably cost more, and for a pilot scale 
electrochemical system, in which the necessary electrodic material is a 
significant amount, will lead to a significant increase of the necessary 
starting budget. 

3.6. Energetic evaluation 

For every period the energetic consumptions were evaluated for each 
process i.e., CO2 abatement, COD removal and nitrogen recovery. 
Table 5 shows every performance for each experimental period, it is 
notable that an increase of the entering COD decreases the energetic 
consumption necessary to abate COD. As previously demonstrated, 
lowering the C/N ratio increases the COD abatement and decreases the 
overpotentials, moreover a high OLR increases the COD removal. The 

combination of those three factors explains the very good performance 
registered during the last experimental period, which was characterized 
by an OLR of 5.11 gCOD/Ld and a NLR of 2229 mgN/Ld (i.e., 0.5 kWh/ 
kgCOD). This energetic consumption is lower than 1.1 kWh/kgCOD 
reported in literature for wastewater treatment(Mancini et al., 2021). 
Generally, COD is removed efficiently, with a low consumption of en
ergy, during every experimental period with a NLR of 2229 mgN/Ld for 
the high COD removal obtained with a low C/N ratio. The CO2 abate
ment does not change significantly during every experimental period 
probably because, even if the C/N affects the bioanodic performance 
which is linked to the cathodic one, the current density does not change 
significantly due the high volume of the cathode (i.e., 8.8 L). What does 
change during the experiment are the overpotentials. With a high NLR 
the conductivity of the feeding solutions was significantly higher, giving 
a low difference between the anolyte’s and catholyte’s conductibility. 
Thus, the average energy spent for a normal cubic meter of CO2 abated 
changes while changing the C/N ratio: with the highest C/N ratios (18.8 
and 25 mol/mol) 8.3 or 2.6 kWh were necessary to abate 1 Nm3 of CO2, 
on contrary, with a C/N ratio of 0.4 or 0.8 mol/mol was necessary only 
0.8 kWh to abate 1 Nm3 of CO2. At last, the energy spent to recover 1 kg 
of nitrogen does change significantly changing the composition of the 
feeding solution: working with a low NLR produces a high consumption 
to recover 1 kg of nitrogen; the best performance obtained with a NLR of 
73 mgN/Ld was 196 ± 14 kWh/kgN; contrarily, having a high NLR 
permits to recover 1 kg of nitrogen spending only 2 kWh (for a C/N of 
0.4 mol/mol). Furthermore, this experiment demonstrates the high 
versality of the bioelectrochemical systems, which are capable of 
treating wastewaters without losing the effectiveness even if its content 
of organic substrates and its nitrogen concentration change signifi
cantly. Moreover, is fundamental to remember that this system does 
three different processes at once with only one energetic consumption. 
Table 5 summarizes the energetic consumption for the single process 
performed by the system. 

4. Conclusions 

The herein studied MEC confirmed to be an appealing system to 
exploit the residual reducing power inside a synthetic fermentate, to 
recover nitrogen inside the latter, and to simultaneously abate CO2 in
side a biogas. The study on the C/N ratio is fundamental due to the 
extreme heterogeneity of the wastewaters, which are the feeding solu
tion of this type of MEC. The anodic performances do change signifi
cantly changing this parameter: with a high NLR the COD abatement is 
higher than the one obtained with a low NLR, but it activates a non- 
electroactive metabolism, therefore the CE decreases. Enhancing the 
OLR does enhance the electric current production with an upper limit 
between 3.82 gCOD/LD and 5.11 gCOD/Ld probably due to a micro
organisms’ inhibition for the high concentration of substrates. There
fore, to obtain high electric current is preferable to maintain low the 
NLR (i.e., 73 mgN/Ld) and a medium OLR (i.e., 3.82 gCOD/Ld). The 
recovery of nitrogen works better with a high electric current which 
promotes the migration of ammonium through the CEM. For this reason, 
the best configuration, in terms of percentage of nitrogen recovered, was 
the one with a high electric current: 288 ± 34 mA, obtained with an OLR 
of 3.82 gCOD/Ld and a NLR of 73 mgN/Ld. In terms of most nitrogen 
daily recovered with the lowest energetic consumption, the best OLR 
was 2.55 gCOD/Ld with a NLR of 2229 mgN/Ld, which permitted to 
recover 270 ± 12 mgN/Ld. The high concentration of ammonium inside 
the cathodic chamber partially inhibited the methanogenesis, for this 
reason the best rCH4 was registered with a NLR of 73 mgN/Ld (23 ± 4 
mmol/d, obtained setting the OLR at 5.11 gCOD/Ld). The low NLR 
permitted a high COD conversion into electric current which generates 
alkalinity inside the cathodic chamber, the latter boosted the CO2 
abatement, therefore the best OLR and NLR were 3.82 gCOD/Ld and 73 
mgN/Ld, respectively. The high NLR permitted to obtain lower over
potential either for the high conductibility of the anolyte, comparable to 

Table 5 
Energetic performance of the system during the experimental periods (* pub
lished periods in Cristiani et al., 2020 [34]).  

OLR 
(gCOD/Ld) 

2.55* 3.82 5.11 

NLR (mgN/ 
Ld) 

73 2229 73 2229 73 2229 

C/N (mol/ 
mol) 

12.5 0.4 18.8 0.6 25 0.8 

i (mA) 190 ±
14 

157 ± 7 288 ±
34 

177 ±
17 

191 ±
14 

133 ±
15 

ΔV (V) - 2.6 ±
0.2 

- 1.4 ±
0.1 

- 3.3 ±
0.2 

- 1.6 ±
0.1 

- 2.0 ±
0.1 

- 1.2 ±
0.1 

kWh/kgN 388 ±
21 

2 ± 1 196 ±
14 

4 ± 1 201 ±
17 

3 ± 1 

kWh/Nm3 

CO2 

1.2 ±
0.1 

0.8 ±
0.1 

8.3 ±
0.5 

1.5 ±
0.4 

2.6 ±
0.1 

0.8 ±
0.1 

kWh/ 
kgCOD 

6.1 ±
0.4 

1.0 ±
0.1 

4.2 ±
0.1 

0.9 ±
0.1 

1.1 ±
0.1 

0.5 ± 1  
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the one measured inside the catholyte, or for the lower electric current 
generated from the bioanode. Moreover, the energetic consumptions 
calculated for each process demonstrate how a low C/N ratio permits to 
abate CO2, remove COD and recover nitrogen with the lowest con
sumption. To sum up, the experimental period characterized by a NLR of 
2229mgN/Ld and by an OLR of 5.11 gCOD/Ld permitted to obtain a 
good CO2 and COD removal, the lowest consumptions with a low po
tential loss, the highest nitrogen mass recovery and a partially inhibited 
methanogenesis. To conclude, is important to remember that this system 
does three different processes at once with only one energetic con
sumption, which means, for example, that it is possible to remove 1.25 
Nm3 of CO2, 2 kg of COD and recover 0.33 kg of nitrogen with only 1 
kWh. 
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