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A B S T R A C T   

Groundwater is an important resource that can help in climate change adaptation. However, the pollution of 
these aquifers with nitrate is a widespread problem of growing concern. Biological denitrification using inorganic 
electron donors shows significant advantages in treating nitrate-polluted groundwater where organic matter 
presence is negligible. However, mass transfer limitations and secondary contamination seem to be the major 
hinderance to spread the use of these technologies. This could be solved by the use of bioelectrochemical systems 
(BES), which emerge as an attractive technology to solve these problems due to the reported low energy demand 
and high denitrification rates. However, technical and operational issues must be considered to replicate these 
results at full-scale. This review summarizes the biological basis of autotrophic denitrification and the key aspects 
of its application in bioelectrochemical systems. In addition, an estimation of the capital costs required for the 
implementation of a BES considering different population sizes and initial nitrate concentration in the ground
water is made.   

1. Introduction 

Groundwater is one of the largest reservoirs of water on earth [1]. It 
is estimated that the total groundwater volume in the upper 2 km of 
continental crust is approximately 22.6 million km3 [2,3]. However, 
more than 80% is sequestered below 500 m, and in such situations, it is 
not an active component of the hydrological cycle [1]. In fact, it is 
estimated that only 0.35 million km3 is actively contributing to the 
hydrological cycle, which is 3.5 times more than the total amount of 
surface water [2,3]. Groundwater is currently used worldwide to supply 
almost half of the world’s drinking water. About 40% is used for irri
gation and close to 33% for industrial processes [4]. Even though 

groundwater is such an important resource, its quality is increasingly 
compromised [5]. 

Groundwater contaminants can occur naturally, such as arsenic and 
fluoride; or can be introduced by anthropogenic activities, as a result of 
human settlements human activities, industrial activities, and use of 
fertilizers in agriculture [5,6]. Nitrate is one of the most common pol
lutants found in groundwater aquifers. Nitrate derives mainly from 
fertilizers, and human or animal wastes [6]. Nitrate is responsible for the 
blue baby syndrome that fatally affects many infants, by reducing the 
oxygen-carrying function of hemoglobin in the body [7]. Also, it has 
been related to gastric cancer, when groundwater with high nitrate 
concentrations is commonly ingested [8]. To prevent human health 
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problems, the World Health Organization (WHO) guidelines recommend 
11 mg N-NO3

− /L (50 mg/L of NO3
− ) as the maximum level for drinking 

water [6,7]. However, new evidence shows that this limit is still very 
high, as low nitrate concentrations such as 0.87 mg N-NO3

− /L (3.87 
mg/L of NO3

− ) have been strongly correlated as a risk factor for several 
diseases, such as thyroid and neural tube defects, and recently to pros
tate and colorectal cancer due to secondary formation of N-Nitroso 
compounds [6,7,9,10]. Aditionally, nitrate consumption, even at levels 
below regulatory limits, has been recently associated with risks of 
adverse pregnancy outcomes, specially the risk of 
small-for-gestational-age (SGA) [11]. However, the current literature is 
scarce and still does not provide sufficient evidence of the real efect of 
nitrate [12–14]. 

Groundwater pollution with nitrate has been a topic of deep concern 
worldwide [15–18]. Recently Abascal et al. [15] reported that from a 
study universe of 292 regions around the world, more than 20% have 
average concentrations exceeding 11 mg N-NO3

− /L (50 mg/L NO3
− ), with 

some exceeding 45 mg N-NO3
− /L (200 mg/L NO3

− ), in Spain, Malta, 
Congo, and Palestine. The distribution of contaminated areas was set in 
the following order: Africa > Asia > Europe > Americas, being the use of 
fertilizers and pesticides a common source factor in all continents. Sit
uation becomes of special concern in areas with rock aquifers, where 
nitrate was found at depths of more than 350 m [6]. Intensive ground
water pumping could also potentially pollute deep aquifers [19,20]. 
Moreover, the presence of nitrate aids the mobilization of trace metals 
such as Mn, Ni, As, Cd, and U, further polluting an aquifer [21–23] and 
endangering its endemic biodiversity [24], a problem often neglected. 

To remediate groundwater nitrate pollution, several strategies have 
been implemented [15,25,26]. The most common is the dilution of a 
high nitrate water source with another containing a low concentration of 
nirate, to obtain drinking water that complies with regulations. How
ever, this can only be considered a temporary solution, since it requires a 
nearby source of water low in nitrate [25,26]. Other methods are based 
on separation techniques such as ion exchange, reverse osmosis, and 
electrodialysis [15,25,26]. These systems are highly efficient with sep
aration eficiencies close to 90% [25]. Abascal et al. [15] reported that of 
75 nitrate treatment facilities, 55% use one or more of these technolo
gies, with capacities between 18 m3/day to 37,854 m3/day. However, 
using these technologies generates a highly concentrated nitrate waste 
that represents between 15% and 30% of the treated water [27–29]. This 
waste is commonly discharged into the sea, used for irrigation, or diluted 
in the same well from which it was obtained [30,31]. However, the high 
risk of eutrophication has considerably restricted these disposal prac
tices, so additional treatments are necessary for sustainable waste 
management [16,25,26,32–35]. In this context, biological treatments 
are especially relevant by safely transforming nitrate into gaseous ni
trogen, without generating a concentrated waste that must be treated 
further [32,36,37]. 

Autotrophic denitrification can contribute to the development of 
more adequate and sustainable process for nitrate removal from 
groundwaters. In comparison to separation processes, nitrate is con
verted to inert nitrogen gas, eliminating the risk of recontamination 
because of inadequate disposal of concentrates. Also, in comparison to 
heterotrophic denitrification processes, the addition of organic matter 
that can further pollute water isn’t needed. It is expected then that ini
tiatives dealing with the application of autotrophic denitrification for 
the removal of nitrate will become more common in the near future. 

This review aims to provide the key biological fundamentals of 
autotrophic denitrification, with a special focus on the application of 
bioelectrochemical systems (BES). Relevant concepts associated with 
groundwater characteristics, operational parameters, and BES configu
ration are addressed. Special attention is given to the application of BES 
for groundwater remediation, analyzing the main challenges for their 
industrial use at large scale. 

2. General aspects of biological nitrate removal in groundwater 

Biological systems stand out because they can achieve high nitrate 
removal efficiencies, are simple to operate, and have a low operational 
costs [16,25,26]. In fact, nitrate removal by biological 
denitrification-based technologies is cheaper than reverse osmosis or ion 
exchange[25,26]. 

Biological nitrate removal uses denitrifying bacteria that utilize an 
organic (heterotrophic denitrification) or inorganic (autotrophic deni
trification) electron donor, to reduce nitrate to gaseous nitrogen as 
shown in Table 1 [32,36,38]. Heterotrophic denitrification is suitable 
for treating wastewater with a high carbon/nitrogen (C/N) ratio, 
considering the carbon source is organic. However, when the C/N ratio 
is lower than 2.47, as in groundwater, the low presence of organic 
matter must be supplied externally increasing operating costs [39]. 

As seen in Table 1, there are different compounds that can be used as 
electron donors. In heterotrophic denitrification, methanol, and ethanol 
are the most widely used organic compounds for their efficiency in terms 
of nitrate removal [40]. However, the standardized cost of these electron 
donors per amount of removed N-NO3

− is higher than those of the 
inorganic electron donors used in autotrophic denitrification. On the 
other hand, the addition of methanol or ethanol should be carefully 
controlled, as its excess could lead to secondary pollution [41]. In 
addition, compared to autotrophic denitrification, the heterotrophic 
denitrification process produces larger amounts of biomass [42–44]. 
Strohm et al. [45] estimated that the heterotrophic denitrification pro
cess produces 5–6 times more biomass than the autotrophic denitrifi
cation process [45]. This would suppose an increase in the operating 
costs associated with sludge disposal by 2.5 times, when comparing 
heterotrophic denitrification process with autotrophic one [41]. For all 
of the above, autotrophic denitrification is gaining more and more in
terest in the treatment of nitrate-contaminated groundwater. 

Although many inorganic electron donators have been used in 
autotrophic denitrification processes (see Table 1), H2 and sulfur are the 
most used ones on an industrial scale [40]. However, they also present 
some characteristics that hinder the spread of their application at full 
scale [36]. In the case of H2, its main obstacle is its low solubility in the 
liquid phase, which reduces its bioavailability for the autotrophic 
denitrification [46]. As a result, different strategies have been proposed 
to increase the H2 mass transfer rate, such as the use of high pressure or 
the use of membranes, which overall increases the operational costs of 
the process [47–49]. Additionally, the potential flammability and 
explosibility of H2 also generate additional costs associated with safe 
transport and storage [50]. On the other hand, sulfur denitrification has 
the main drawback of producing sulfate as a byproduct [46]. Since 
sulfate production is about 7.54 g SO4

2− /g N-NO3
− , the maximum nitrate 

concentration that can be removed would be 33 mg N-NO3
− /L to comply 

with drinking water regulations (U.S. Environmental Protection Agency, 
EPA: 250 mg SO4

2− /L). Then, its application would be limited to only 
some groundwater [51]. In fact, the same drawback could be attributed 
to sulfide, thiosulphate [46]. Metal sulphide-minerals such as pyrrhotite 
[52], sphalerite [53], pyrite [54], among others have also been used as 
electron donors. However, low denitrification rates and the potential 
leaching of heavy metals have been reported as the main drawbacks 
[55]. Also, although sulphate generation is lower than sulphur based 
denitrification (3.81 – 4.99 g SO4

2− /g N-NO3
− ), is still a matter of concern 

that may limit its practical applicability [55]. 
Zero valent iron (Fe0) could also be used as electron donor[56]. The 

corrosion of Fe0 will release hydrogen, that could be used by hydro
genotrophic denitrifying bacteria to remove the nitrate. The main 
advantage of this process is the in situ hydrogen production. However, 
abiotic reduction of Fe0 and N-NO3

− , can co-ocurr, resulting in excesss 
production of N-NH4

+ which may limit its practical applicability [46]. 
In general, the main obstacles to large-scale autotrophic denitrifi

cation are associated with (i) the low mass transfer rate due to the low 
solubilization of electron donors and (ii) the formation of by-products 
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associated with microbial metabolism. These problems could be solved 
if autotrophic denitrification is carried out by means of bio
electrochemical systems (BES) [46]. In these systems, electrons could be 
provided to autotrophic denitrifiers either by the oxidation of organic 
matter in the anodic chamber or by an external power supply [57]. At 
the cathode surface microorganisms can consume electrons directly or 
can be mediated through H2 production [58]. Thus, the production of 
electrons or H2 on demand in the cathode chamber cleverly solves the 
problems of mass transfer, safety associated with the use of H2, and the 
generation of the by-product that could lead to secondary contamina
tion, as occurs when sulfur is used as electron donor [46]. However, 
although BESs have been successfully tested with real groundwater 
reaching technology readiness levels (TRL) of 4 [59], bio
electroremediation technologies are still at a TRL 3, as the performance 
observed at the laboratory scale has not yet been implemented at the 
pilot scale [60]. 

3. Biological basis of autotrophic denitrification 

3.1. Pathway involved in nitrate reduction 

Biological denitrification is a stepwise process where nitrate (NO3
− ) is 

sequentially reduced to dinitrogen gas (N2) via the three intermediates 
nitrite (NO2

− ), nitric oxide (NO), and nitrous oxide (N2O) [61]. The re
actions involved are the following:  

1. NO3
− + 2 H+ + 2 e− → NO2

− + H2O  
2. NO2

− + 2 H+ + e− → NO + H2O  
3. 2 NO + 2 H+ + 2 e− → N2O + H2O  
4. N2O + 2 H+ + 2 e− → N2 + H2O 

Several enzymes are involved in the nitrate reduction to N2. The first 
step is catalyzed by molybdenum-containing nitrate reductases, which 
can be of two dissimilatory classes: respiratory membrane-bound (NAR) 
and periplasmic (NAP). In the second step, nitrite is further reduced to 
nitric oxide, and the reaction can be catalyzed by two different enzymes 
that have the same function, cytochrome cd1 (NIR S) or copper- 
containing enzymes (NIR K). Denitrifying microorganisms generally 
have either NIR S or NIR K, although there is evidence of a few with both 
enzymes. In the third step, nitrous oxide is produced due to the conju
gation of two nitric oxide molecules. Nitric oxide reductase (NOR) which 
contains heme c, heme b, and non-heme iron cofactors, catalyzes this 
step. The fourth and final step corresponds to the reduction of nitrous 
oxide to dinitrogen and is catalyzed by a copper-containing enzyme 
(nitrous oxide reductase, NOS) [62,63] (See Fig. 1). 

Table 1 
Denitrification reactions using different electron donors, their costs and sludge 
generated per amount of nitrate removed.  

Heterotrophic denitrification 
Electron 

donor 
Stoichiometry Electron 

donor 
cost(US 
$/kg) 

Standardized 
electron donor 
cost (US$/kg N- 
NO3

−
Removed) 

Sludge 
generated* 
(kg/kg N- 
NO3

−
removed) 

Acetic Acid 0.85 CH3COOH 
+ NO3

− + H+ → 
0.10 C5H7O2N +
0.45 N2 + 1.19 
CO2 + 2.12 H2O 

0.57 2.08 0.81 

Ethanol 0.69 C2H5OH +
NO3

− + H+→ 
0.14 C5H7NO2 

+HCO3
− + 0.67 

CO2 + 2.07 H2O 
+ 0.43 N2 

1.10 2.00 1.13 

Autotrophic denitrification 
Electron 

donor 
Stoichiometry Electron 

donor 
cost(US 
$/kg) 

Standardized 
electron donor 
cost (US$/kg N- 
NO3

−
removed) 

Sludge 
generated* 
(kg/kg N- 
NO3

−
removed) 

Hydrogen 3.03 H2 + NO3
− +

H+ + 0.23 CO2 → 
0.05 C5H7NO2 +

0.48 N2 + 3.37 
H2O 

2.65 1.13 0.40 

Methane 0.78 CH4 + NO3
−

+ H+→ 0.51 CO2 

+ 1.87 H2O +
0.47 N2 + 0.053 
C5H7NO2 

0.33 0.29 0.43 

Sulphur 1.10 S + NO3
− +

0.76 H2O+ 0.4 
CO2 + 0.086 
NH4

+→ 0.04 
C5H7NO2 + 0.48 
N2 + 0.98 SO4

2−

+ 0.96 H+

0.10 0.26 0.32 

Sulphide HS− +1.23 NO3
−

+0.573 H+

+0.438 HCO3
− +

0.027CO2 +

0.093 NH4
+ → 

0.093 C5H7O2N 
+ 0.866 H2O +
0.614 N2 + SO4

2−

0.13 0.25 0.61 

Thiosulphate NO3
− + 0.86 

S2O3
2− + 0.03 

CO2 + 0.45 
HCO3

- + 0.11 
H2O + 0.095 
NH4

+→ 0.5 N2 +

1.724 SO4
2−

+0.095 C5H7NO2 

+ 0.375 H+

0.24 1.55 0.77 

Pyrite NO3
− + 0.364 

FeS2 + 0.116 
CO2 + 0.821 H2O 
+ 0.023 NH4

+→ 
0.5 N2 + 0.728 
SO4

2− +0.023 
C5H7NO2 +

0.364 Fe(OH)3 +

0.48 H+

0.20 0.14 0.19 

Zero-Valent 
Iron 

Fe0 + 0.4 
NO3

− +1.2 H2O → 
Fe2++0.2 N2 +

2.4 OH−

0.32 3.19 n.a. 

* Calculated based on the stoichiometry of the reaction. 
n.a.: not available 

Fig. 1. Scheme showing the distribution of the denitrifying enzymes in the cell.  
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3.2. Pathways involved in conventional inorganic electron donor 
utilization 

As mentioned earlier, H2 and reduced sulfur compounds are the most 
used inorganic electron sources. In order to provide the electrons to the 
nitrate reduction chain, electron donors must be oxidized. For H2, the 
key redox enzymes are hydrogenases, which are involved in the pro
duction and consumption of H2. In bacteria, the most common are those 
with an active center associated with two metal atoms, which can be 
iron-iron or nickel-iron [64,65]. Albina et al. [65] explain that hy
drogenase production in Ralstonia eutropha is controlled by a regulatory 
hydrogenase, which forms a tight complex with a histidine protein ki
nase acting as a H2 sensor. When H2 is present, the regulatory hydrog
enase enhances the production of membrane-bound and cytoplasmic 
hydrogenases. More than one regulatory pathway exists in other mi
croorganisms. For instance, Cyanobacterium Synechocystis has two posi
tively acting regulators (LexA and AbrB1) and a repressor (AbrB2). [65]. 

The enzymes involved in sulfur oxidation (Sox) pathways present in 
different microorganisms be classified into two groups: Sox-dependent 
enzyme complex and Sox-independent enzyme system. The first one is 
regulated by a conserved Sox operon and includes the SoxA, SoxB, and 
Sox(CD)2 enzymes, which allow the direct oxidation of various reduced 
inorganic sulfur contaminants (e.g., sulfide and thiosulfate) to sulfate 
[66]. Whereas the Sox-independent enzyme system contains a set of 
distinctive oxidases and hydrolases that are responsible for the oxidation 
of thiosulfate, sulfide, and elemental sulfur. Thiosulfate oxidation can 
occur in some obligate chemolithotrophic bacteria belonging to β- and 
γ-proteobacteria, through the formation of polythionate as intermediate 
with the enzyme thiosulfate dehydrogenase (also called thiosulfate 
quinine oxidoreductase). Later, this intermediate can be oxidized to 
sulfite through the cytoplasmic enzyme polythionate hydrolase [66,67]. 
Sulfide oxidation to elemental sulfur can be mediated either by the 
membrane enzyme sulfide quinone reductase, or by the periplasmic 
enzyme favocytochrome c reductase. Elemental sulfur produced in the 
periplasm can be stored as inclusion bodies and then transported to the 
cell interior with the help of a sulfur-bearing enzyme system. Once in the 
cytoplasm, they can be oxidized to sulfite by the action of the enzyme 
reverse-acting dissimilatory sulfite reductase. Finally, sulfite oxidation 
to sulfate is carried out by two types of sulfite dehydrogenases: (i) the 
cytoplasmic enzyme sulfide acceptor oxidoreductase; and (ii) a combi
nation of the membrane enzyme adenylylsulfate (APS) reductase and the 
cytoplasmic enzyme adenosine triphosphate (ATP) sulfurylase [66,67]. 

Sulfate is always the end product of complete sulfur oxidation. Although 
full oxidation of sulfide is thermodynamically preferable, under some 
conditions there may be an accumulation of elemental sulfur during 
partial oxidation due to nitrate restriction or an excess electron source 
[68–70]. 

3.3. Cathode surface as electron source in BES 

Architecturally BESs are composed of three main components. The 
anode and the cathode, where oxidation and reduction reactions occur, 
and a membrane that separates both compartments. As shown in Fig. 2, 
autotrophic denitrifiication occurrs in the cathode. BESs can operate as 
microbial electrolysis cells (MECs) by utilizing the electrons provided 
through an external power source, or as microbial fuel cells (MFCs), by 
utilizing the electrons generated through the oxidation of organic matter 
in the anode chamber (Fig. 2) [57]. The provided electrons can then be 
used directly or indirectly in the cathode. Indirect uses of electrons 
include the synergic production of reduced molecules (such as H2) or 
electro-stimulation of microbial metabolism [71–73]. In these cases, the 
denitrification process could occur through the mechanisms described in 
the previous section. Oxygen an carbon dioxide produced in the anode is 
released avoiding the permeation of these gases through the membrane 
[71–73]. 

The capture of electrons directly from the cathode surface requires 
electroactive denitrifying bacteria, i.e., bacteria that have extracellular 
electron transfer mechanisms. However, to achieve complete nitrate 
reduction to dinitrogen and to avoid intermediate accumulation, a more 
complex microbial community is needed, not only composed of elec
troactive bacteria [74]. Although the exact mechanisms of electron 
transfer during denitrification in BES are still unknown, microbial 
communities with a significant abundance of Geobacter (model elec
troactive bacteria) have been reported to be associated with high nitrate 
removals [75,76]. This genus is known to use conductive pili and pro
teins associated with the outer membrane as cytochromes, as direct 
electron transfer mechanisms [77,78]. Recently Zhao et al. [75] re
ported that Geobacter and Afipia were the dominant genera in autotro
phic denitrification reactors, evidencing possible symbiotic growth. 
This, is under the hypothesis that an outer membrane cytochrome c and 
formate dehydrogenase were potentially involved in cathodic electron 
uptake in Geobacter [75]. 

Fig. 2. Autotrophic denitrification in BESs as a MEC (left) or MFC (right) configuration.  
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3.4. Microorganisms involved in autotrophic denitrification 

Bacteria capable of performing autotrophic denitrification have been 
isolated from diverse ecosystems, including natural and anthropogenic 
habitats such as soil, freshwater, groundwater, wastewater treatment 
systems, and microbial fuel cells. A complete revision of the microor
ganisms described that perform autotrophic denitrification and the 
ecosystems where they were isolated can be found in the supplementary 
materials (See Table S1). 

In general, these microorganisms are taxonomically diverse and 
distributed within α-, β-, γ-, and ε-Proteobacteria. Some genera can 
perform both autotrophic and heterotrophic denitrification (such as 
Acidovorax, and Paracoccus), while others can only perform autotrophic 
denitrification (such as Ferrigenium, and Thiobacillus). Most of these 
isolates were retrieved from investigations in which bioremediation was 
the main objective. 

More recently, molecular methods have been used to describe species 
without isolation by assembling genomes from metagenomic data 
(Assembled Genomes). This is very useful to know the potential meta
bolic pathways of species that cannot be isolated or cultured in labo
ratory conditions. Using this technique, Mao et al. [79] reconstructed a 
genome from metagenomic data obtained from a hydrogenotrophic 
consortium. The metagenome-assembled genome was classified within 
the genus Thauera, a genus with a very versatile metabolism, able to use 
a wide spectrum of recalcitrant compounds. The authors found an 
[NiFe]-hydrogenase catalyzing molecular H2 oxidation in a nitrate-rich 
solution. They also found genes from key enzymes for autotrophic 
CO2-fixation and heterotrophic acetate assimilation metabolism, which 
would show the mixotrophic capability of this strain [79]. 

In BES, some species have been demonstrated to use the cathode 
directly as an electron donor (see Table 2). For example, six strains were 
isolated from a biocathode, classified within Rhizobiales in the α- Pro
teobacteria. The authors tested the reduction of nitrite associated with 
the cathode and confirmed the electron-driven nitrite reduction in four 
of them. However, no electrode-driven nitrate or nitrous oxide reduction 
could be detected for any of them. Although, according to cyclic vol
tammetry results, all bacteria showed electroactivity to some extent. The 
experimental demonstration that the cathode is the direct electron 
donor is challenging because electrochemical analysis, chemical, and 
microbiological tests are needed [80]. 

When BESs are used for nitrate removal from groundwater, diverse 
communities grow on the cathode, and bacteria described as autotrophic 
denitrifiers occur, as well as others with unknown roles (see Table 2). 
Different molecular biology tools, based on 16 S rRNA gene microbial 
communities’ characterization, were used to analyze these commu
nities. For example, Nguyen et al. [81] analyzed the microbial com
munities from a cathode that eliminates nitrate from groundwater. 
According to the 16 S rRNA gene DGGE results, the community 
comprised Thiobacillus denitrificans, T. thioparus (S-compounds deni
trifying microorganisms), and Paracoccus denitrificans [82]. More 
recently, Yao et al. [83], studied the microbial community from a system 
combining heterotrophic denitrification using biodegradable polymers 
and electrochemical H2 autotrophic denitrification to eliminate nitrate 
from groundwater. Using 16 S rRNA gene massive amplicon sequencing, 
they found that the communities comprised key crucial denitrifying 
bacteria: Dechloromonas, Thauera, and Hydrogenophaga. Using meta
genomic sequencing, the authors also studied the genes involved in the 
nitrogen metabolic pathway; the results revealed that the conversion of 
NO to N2O was the rate-limiting step in the overall denitrification 
pathway [83]. 

4. Critical issues involved in autotrophic denitrification in BES 

In 1993 a process of nitrate removal by hydrogenotrophic denitrifi
cation was proposed inside a water electrolyzer. In this study, 
0.165 kW⋅h was required to remove 10 mg N- NO3

− /L in a 2.4 L reactor 

(83 kW⋅h/m3) [94], which is around 20 times more than the energy 
required by reverse osmosis to treat the same amount of water (from 3.5 
to 4.5 kW⋅h/m3) [95]. Since then, important advances have been made, 
such as the discovery of the capacity of certain microbes to reduce ni
trate using electrons directly from the electrode [96], where microor
ganisms that degrade organic matter in the anode chamber can also 
produce these electrons [97]. Both aspects have made it possible to 
reduce the energy consumption of these systems [98]. In fact, the energy 
consumption in MFC and MEC configurations is estimated at around 
0.04 and 0.251 kW⋅h/m3, respectively [98], making them competitive 
against traditional systems. 

However, progress in system optimization is needed to improve ni
trate removal rates, in order to move this technology to an industrial 
scale. According to Bi et al. [46], nitrate removal rates by conventional 
autotrophic denitrification can reach up to 6.2 g N-NO3

− /L⋅d while in 
BES only 0.87 g N-NO3

− /L⋅d, as seen in Table 3. Critical factors that have 
hindered the scale-up of this technology to date are discussed below, 
considering groundwater characteristics, key operational parameters in 
BES, as well as the BES configuration. 

4.1. Groundwater characteristics 

4.1.1. C/N ratio 
Groundwater is characterized by low organic matter content. More 

than 400 groundwater samples from eight EU were analysed resulting in 
an average concentration of 2.7 mg/L total organic carbon [105]. Such a 
low amount of organic carbon highlights the importance of autotrophic 
nitrate removal strategies versus the heterotrophic alternative in 
groundwater remediation where high carbonate contents are expected. 
In this context, Huang et al. [106] evaluated NaHCO3 as an inorganic 
carbon source at different C/N ratios of 2.0, 2.7, and 3.5 during nitrate 
removal from synthetic groundwater using a BES. These authors 
confirmed the important role of autotrophic denitrification in reducing 
nitrate at low C/N ratios (C/N 2.0, nitrate removal 72.74%). Nonethe
less, they indicated that higher C/N ratios (2.7 and 3.5) were detri
mental to autotrophic denitrification (nitrate removal of 62.28% and 
50.23%, respectively). In fact, when higher C/N ratios are applied, 
heterotrophic and autotrophic bacteria can coexist to enhance nitrate 
removal [74]. Another investigation assessed the feasibility of autotro
phic denitrification using a MEC, at different nitrate loads ranging from 
11–45 mg N-NO3

− /L (50–200 mg NO3
− /L) and C/N ratios in the range of 

3 – 3.5 [102]. In this case, results showed a capacity to remove nitrate 
with a maximum efficiency of 96.3 ± 1.5% but nitrite accumulation was 
reported for nitrate load over 23 mg N-NO3

− /L. 

4.1.2. Conductivity 
Another important characteristic of groundwater is its low conduc

tivity or ionic strength (< 1 mS/cm). This is an important parameter 
because might affect the BES efficiency by increasing energy losses or 
overpotentials in the form of (i) high ohmic resistance, (ii) transport 
losses such as ion transport between electrodes or slow proton transport 
inside the biofilm, and iii) resistance of the membrane because of the pH 
gradient between compartments [107–109]. In fact, it was shown that 
low ionic strength groundwaters strongly limited the nitrate removal 
efficiency (between 4% and 20% of nitrogen removed) when carrying 
out autotrophic denitrification in MFC [101]. These authors identified 
the cathodic overpotential as the main factor of energy loss reaching up 
to 83 – 90% of the total losses, which evidenced the high energy 
consumed by microbes in the reactions catalyzing denitrification. Thus, 
the presence of certain salinity levels in groundwater could effectively 
favor the BES performances. However, salinity levels above 30 mS/cm 
may strongly and negatively affect bacterial activity [110]. Despite the 
importance of conductivity, no systematic research has been done to 
have complete clarity on how to manage it, thus future research efforts 
should be directed along these lines. 
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Table 2 
Microbial communities detected in autotrophic nitrate removal investigations by means of bioelectrochemical systems.  

Reactor architecture Inocula Feeding Method Dominant associated microbiome on 
cathode 

Ref. 

As3+ and NO3
− tubular removal 

reactor with a cation 
exchange membrane (CMI- 
7000)Anode: Granular 
graphiteCathode: Graphite 
rods 

79% of synthetic groundwater, 
20% of effluent from a 
denitrifying BES reactor (Pous 
et al.[84]) and 1% of an 
enriched autotrophic arsenite 
oxidizing culture 

Synthetic groundwater (28 
± 6 mg N-NO3

− /L, 5.0 mg 
As3+/L, 1.0 ± 0.1 mS/cm, 
pH of 8.0 ± 0.2) with 10% of 
effluent from a denitrifying 
BES reactor composed of 
Proteobacteria phylum 
(78%) being Acidithiobacillus 
sp., the most abundant 
genus. 

Illumina MiSeq, 515 F 
and 806 R V4 region. 

Sideroxydans (80–54%), Denitratisoma 
(4–5%), and Achromobacter (2–5%), 
Sideroxydans lithotrophicus ES-1 

[85] 

BES reactors connected:Anode 
(carbon felt) of Sediment 
Microbial Fuel Cell (SMFC) 
and Cathode (stainless-steel 
mesh) of Biofilm Electrode 
Reactor (BER) 

SMFC: River sedimentBER: 
Groundwater 

Synthetic groundwater 
(around 30 mg N-NO3

− /L) at 
pH of 6.8 with dissolved 
oxygen concentration under 
0.5 mg/L 

V3-V4 Illumina MiSeq 
platform primers 
Nobar_341F/ 
Nobar_805R 

Hyphomicrobium, Terrimicrobium, 
Tepidisphaera, Prosthecobacter, 
Diaphorobacter, Sediminibacterium, 
Pseudoxanthomonas, Bacillus, and Pirellula 

[86] 

Two-chamber cellAnode and 
cathode: Graphite felt. Four 
sand/medium ratios 
(saturated aquifer 
simulation) 

Anaerobic sludge collected 
from wastewater treatment 
plant. 

Synthetic groundwater 
(50 mg N-NO3

- /L) with 
50 mM phosphate buffer. 
NaHCO3 (2 g/ L) was 
supplied as an inorganic 
carbon source. 

DGGE primers Eub 
27 F and Eub 518 R 

ThiobacillusDenitrificans, T. thioparus,and 
Paracoccus denitrificans 

[81] 

Two-chamber cellwith a proton 
exchange membrane (Nafion 
117)Anode and cathode: 
Graphite felt 

Activated sludge Synthetic nitrate- 
contaminated water 
(50 mg N-NO3

− /L) added to 
cathode chamber with 
2.94 g/L of NaHCO3. 

DGGE primers Eub 
27 F and Eub 518 R 

Dyella sp., Nitratireductor sp., Shinella sp., 
Pseudomonas sp. Aeromonas sp., and 
Curtobacterium sp. 

[87] 

Two-chamber cellAnode: 
Iridium mixed metal oxide 
-coated titanium-electrode 
meshCathode: Packed 
granular graphite with a 
stainless-steel mesh 

Microbial cultures enriched 
from the cathodic effluent of a 
denitrifying BES 

Synthetic nitrate- 
contaminated groundwater 
(33 mg N-NO3

− /L) and pH 
around 7 

Illumina 16 S rRNA 
gene amplicon 
sequencing, 341 F and 
785Rmod 

Gallionellaceae (40 − 70% of the relative 
abundance) 

[88] 

Two -chamber cell with a 
cation exchange membrane 
(QQ-YLM)Anode and 
cathode: carbon felt. 

Activated sludge from a 
domestic wastewater 
treatment plant 

Synthetic medium (21 mg N- 
NO3

− /L) with dissolved 
oxygen concentration of 
0.2–0.5 mg/L 

Pyrosequencing 
V1–V3, 27 F and 
533 R 

Thauera sp, Ralstonia sp, Hyphomicrobium 
zavarzinii, Hyphomicrobium aestuarii, 
Rhodoplanes sp. 

[89] 

Single-chamber cellRice husk- 
intensified cathode driving 
bioelectrochemical reactor. 
Anode: Stainless steel 
rodCathode: Stainless steel 
mesh 

Active sludge from 
Wastewater plant for three 
months in a bottle. 

Synthetic nitrate- 
contaminated groundwater 
(50 mg mg N- NO3

− /L) 

Illumina MiSeq 16 S 
rRNA, V3-V4 regions, 
primers 338 F and 
806 R 

0 mA/m2: Cloacibacterium,200 mA/m2: 
Flavobacterium, Comamonas, Erysipelothrix, 
Enterobacter, Novosphingobium, 
Thermomonas 
(heterotrophic‑hydrogenotrophic 
synergistic)400 mA/m2: Acidovorax 

[90] 

Single-chamber cell (PVC 
cylinder)Anode: Graphite 
rodCathode: Carbon felt 

Activated sludge from 
wastewater treatment plant 

Synthetic groundwater 
(40 mg N-NO3

− /L) with 
polycaprolactone as carbon 
source 

Illumina MiSeq 
V3–V4, primers 338 F 
and 806 R 

Dechloromonas, Thauera, Hydrogenophaga 
and Acidovorax 

[83] 

Three-chamber cellSediment 
Microbial Fuel Cell and 
Biofilm Electrode 
ReactorElectrodes: Carbon 
felt, and carbon felt modified 
with graphene oxide and 
using stainless steel mesh as 
support 

Enriched and domesticated 
inoculum with indigenous 
bacteria from groundwater 

Synthetic groundwater 
(35 mg N-NO3

− /L) with 
109 mg glucose/L and 
dissolved oxygen 
concentration under 0.5 mg/ 
L 

High-throughput 
sequencing was 
performed on an 
Illumina HiSeq 
platform, V3-V4 
hypervariable region 

Nitrospira, Pseudomonas, Pantanalinema 
CENA516, Dongia, Bryobacter, 
Hyphomicrobium 

[91] 

System heterotrophic 
denitrification coupled with 
electro-autotrophic 
denitrifying packed bed 
reactorElectrolysis 
sectionAnode: Ti/RuO2 
meshCathode: Stainless steel 
meshDenitrification 
sectionSupport material: 
Haycite 

Activated sludge from Sewage 
Treatment PlantHeterotrophic 
denitrifying bacteria and H2 

autotrophic denitrifying 
bacteria were enriched from 
an anaerobic seed sludge. 
Aerobic bacteria were 
enriched from an aerobic seed 
sludge 

Synthetic groundwater 
(25–50 mg N-NO3

− /L) 
Illumina MiSeq high- 
throughput 
sequencing, V4-V5 
region, primer 515 F 

Denitrifiers bacteria: Thauera, 
Comamonadaceae unclassified, Rivibacter, 
Hydrogenophaga, Opitutus, Zoogloea, 
Pelomonas, Thiobacillusand Simplicispira 
were recognized as the major 

[92] 

Submerged microbial 
desalination-denitrification 
cell with the electrodes 
(carbon paper) separated by 
polycarbonate plate and to 
separate the chambers to the 
outside environment an 
anion exchange membrane 

Electrodes pre-colonized in a 
two-chamber microbial fuel 
cell for 5 months.Anode: 
Active biofilmCathode: 
Denitrification biofilm 

Synthetic groundwater 
(20 mg N-NO3

− /L) with a C: 
N:P ratio of 1:667:1. 

DGGE and 16 S rDNA Deltaproteobacteria, soil bacterium clone 
CRS5556T-1/GU365999 (84%)Shewanella 
sp. QRSYY10/EU919225 (82%) 
Sphingobacterium sp. HPC429/DQ129738 
(91%)Alphaproteobacteria, denitrifying 
bacterium clone 2–9/GQ324227 (93%) 
Sphingobacteria, Synergistetes bacterium 
clone 3–5/GQ324231 (88%) 

[93] 

(continued on next page) 
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4.2. Key operational parameters in BES 

4.2.1. Voltage applied 
Nitrate removal efficiency is highly dependent on the applied voltage 

and must be optimized to achieve the desired efficiency with minimum 
energy consumption. Electron flow from the cathode to the bacterial 
cells must be adequate to provide the cells with sufficient energy for 
growth without compromising process costs by applying too high a 
voltage. There are some studies in the literature analyzing the effect of 
this parameter on nitrate removal efficiency. For instance, nitrate 
degradation from groundwater was studied in the cathodic chamber of a 
BES using different applied voltages (from +0.597 to − 0.703 V vs SHE), 
reporting that the nitrate removal rate increased from 25.2 to 
130.6 mg N-NO3/L⋅d when the cathode potential was lowered from 
+ 0.597 to − 0.403 V vs SHE, reaching a nitrate removal efficiency of 
86% [111]. In another study, the best nitrate removal conditions were 
also achieved by applying a cathode voltage of − 0.403 V vs SHE, but 
only 42.5% of the input nitrate was removed, reaching a removal rate of 
0.405 mg N-NO3

- /L⋅h [112]. Following this trend, in another study in a 
batch system, the nitrate removal increased from 20% to 50% when the 
total voltage supplied to the BES with abiotic anode increased from 
0.7 V to 0.9 V, whereas no higher removal efficiency was obtained at the 
highest voltage (1.1 V) [113]. Therefore, the application of an electric 
potential can enhance the denitrification process by decreasing the 
requirement for an external carbon source. However, the voltage 
applied must be balanced. Too high voltages can have negative effects 
on BES performance, such as i) nitrate reduction to ammonium instead 
of denitrification [114], ii) H2 production acting as an electron sink due 
to water electrolysis [115], and iii) a significant decrease in bacterial 
activity due to a detrimental voltage, evidenced by a drop in bacterial 
diversity and richness [116]. From the literature, it can be deduced that 
the optimization of the applied voltage must be performed for each 
system depending on its configuration and the electrode material, so the 
selection of the applied voltage must be carefully considered taking into 
account that among the investigations reviewed, the use of different 
reactor configurations and materials have an impact on the optimum 
voltages applied. 

4.2.2. Hydraulic retention time 
Hydraulic retention time (HRT) is a key parameter in any bioprocess, 

including autotrophic denitrification systems, as it determines the 
treatment capacity of the reactor for a specific input flow rate and nitrate 
concentration. Optimization of this parameter is crucial for up-scaling 

the technology since it directly impacts the required volume of the 
system and, therefore, its capital costs, which will be higher at high 
HRTs implying higher operational costs. An interesting investigation 
dealing with denitrifying bioelectrochemical systems reported that 
when HRT was decreased from 10.89 h to 0.46 h nitrate removal effi
ciency decreased from 94% to 50%, but nitrate consumption rate 
increased from 73 mg N-NO3

− /L⋅d to 849 mg N-NO3
− /L⋅d, respectively 

[103]. These HRT values are comparable with autotrophic and hetero
trophic denitrification when appliying biomass retentio (4–0.5 h) [38]. 
Another study dealing with the coupling of a multi-cathode bio
film-electrode reactor with a microfiltration unit reported a decrease in 
nitrate removal efficiency from 90% to 30–40% when decreasing the 
HRT from 6 h to 20 min [117]. In addition, proper long-term acclima
tion of autotrophic denitrifying bacteria could also improve nitrate 
removal performance when high nitrogen loading and short HRTs are 
imposed [118]. The high removal rates obtained at short HRTs, could be 
attributed to increased mass transfer to the biofilm, due increased ni
trate loading rates and water fluxes [103]. However, changes in HRT 
also produces changes in the bacterial community [119]. Moreover, it 
has been reported that endogenous heterotrophic denitrifying bacteria 
may growth by using dead cells or degradation products as carbon 
sources [89,120], generating differences in the current demand [103]. 
This phenomenon could ocurr at higher HRTs [103] or where chem
ical–physical heterogeneity is present [120]. Thus, is not clear yet 
whether the hydrodynamics or the nitrate availability has more rele
vance for the nitrate removal rate [103]. Nevertheless, the high nitrate 
removal rates observed at low HRTs provide a promising opportunity for 
scaling up the autotrophic denitrification in groundwater using 
series-operated BES as a strategy. 

4.3. BES reactor materials 

4.3.1. Electrodes 
Electrode materials play a decisive role in the overall performance of 

a BES. In fact represent one of the research topics most frequently 
addressed by researchers to improve the process. The cathode interacts 
with the microbial community by transferring electrons for nitrate 
reduction, which is most efficient if an electroactive biofilm is formed. 
For this to occur, the material must be biocompatible, electrically 
conductive, and possess high stability. Carbon-based materials such as 
graphite felt are commonly used due to their high porosity allowing 
biomass retention, corrosion resistance, and relatively low costs [121]. 
Besides, these electrodes could be reinforced with metallic materials 

Table 2 (continued ) 

Reactor architecture Inocula Feeding Method Dominant associated microbiome on 
cathode 

Ref. 

(AMI 7001) in the anodic 
chamber and cation 
exchange membrane (CMI 
7000) in the cathodic 
chamber.  

Table 3 
Summary of bio-electrochemical denitrification studies in water and wastewaster adapted from Cecconet et al. [98].  

Type of BES Separator Initial Concentration (mg N-NO3
− /L) Cathodic chamber volume (ml) Max. nitrate removal rate (mg N-NO3

− /L⋅d) Ref. 

MFC PEM 100 156 528 [99] 
MFC CEM 20–110 110 500 [100] 
MFC CEM 28.32 600 51.37 [59] 
MFC CEM 14.42–15.64 600 20.8 [101] 
MEC CEM 11 to 45 675 62.15 [102] 
MEC CEM 33 240 849 [103] 
MEC PEM 50 350 1.7 [81] 
MEC CEM 20–492 1000 17.9 [104] 
MEC/MDC AEM/CEM 20 9 870 [93]  
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such as stainless steel to optimize electron transfer [122,123]. 
Another relevant aspect of the reactor configuration is associated 

with the distance between the electrodes. Ohmic resistance within the 
BES must be minimized, to avoid energy losses. This can be addressed by 
establishing a minimum distance between electrodes, as well as a high 
cathodic surface area. This will allow efficient use of electrons by the 
microorganisms during nitrate reduction [74]. Selection of electrode 
materials is an open research niche, and investigations dealing with 
microbes-materials compatibility should be carried out, to evaluate its 
effect over nitrate reduction. 

4.3.2. Separators 
Another important factor that could contribute to the energy loss is 

the choice of the separator. Energy losses might occur due to the resis
tance generated by the material itself or by membrane fouling [121]. In 
case of most BES, the application of ion exchange membranes (IEM) 
comes with an additional cost, not only related to the materials, but also 
explicitly as the origin of losses during operation. The most frequently 
used IEMs are cation exchange membranes (CEM), among which 
Nafion® (e.g., N 117) perfluorosulfonic acid and Ultrex® CMI-7000 
crosslinked polystyrene-divinylbenzene polymer types are the most 
common. Although these IEMs are excellent in terms of conductivity and 
selectivity, their applicability in BESs is questionable. The usually 
complex nature and composition of electrolytes in BESs results in a 
non-proton assisted electroneutralization process between the electrode 
chambers, simply due to the significantly higher concentration of other 
cations. The occupation of sulfonic acid functional groups on the IEM by 
these cations was shown to be complete [124]. Such phenomenon, 
together with the high permselectivity may lead to various losses in the 
system, such as pH-splitting between the electrolytes and consecutive 
performance loss [125], as well as reduced effective reaction kinetics 
due to mass transfer limitations [126]. 

Previous research demonstrated that the ionic conductivity of Nafion 
significantly decreases with the electrolyte concentration [127]. As 
mentioned above, since the ionic strength of groundwater is usually very 
low, the overpotentials related to ion transfer are expected to be a major 
hindrance to efficient BES operation. Ensuring smaller 
electrode-membrane distances, and thus, more compact reactor geom
etry, as well as increasing electrode and membrane surface area to 
electrolyte volume ratio could be adequate strategies to minimize these 
effects. However, at the same time, the larger active membrane surface 
area enhances also those transport processes which are related to 
membrane imperfections. For instance, O2 transport through the IEM 
can have a negative effect on the MFC efficiency by acting as an alter
native electron acceptor, as well as by deteriorating the anaerobic 
electro-active bacteria [128,129]. Considering the low capacity and 
moderate nitrate removal rates from groundwater in BES presented in 
the literature, O2 permeation should be taken into account in process 
design. Permeability of cathodic H2 towards the anolyte through – 
especially swollen – Nafion can also reduce electron recovery efficiency, 
and can be significant even at mesophilic temperatures [130,131]. These 
concerns should be addressed in future membrane development for BES 
applications such as autotrophic denitrification. Novel polymeric 
membrane materials with sufficient ionic conductivity and potentially 
higher permselectivity (and faster kinetics) for H+-transfer could 
significantly contribute to minimize ion transfer related losses. For 
example, Koók et al. [127] demonstrated the improved ionic conduc
tivity of PSEBS-based CEM at low electrolyte (KCl) concentrations 
compared to Nafion, which not only reduced mass transport losses 
during MFC operation, but also enhanced the overall electricity pro
duction kinetics. In addition, this polymer membrane could be prepared 
with sufficiently low O2 cross-over and excellent functional and me
chanical stability even in high current density applications 
(j = 1–50 A/m2 relative to the membrane surface area) [127,132]. The 
PSEBS membranes were furthermore tested in MEC for cathodic H2 
production [133]. It was concluded that they were advantageous for H2 

production due to lower mass transfer limitations and cathodic over
potentials. Besides, other materials, such as anion and cation exchange 
polymers, ceramics, or polymer-inorganic composites were shown to 
improve BES operation [134]. 

5. Capital cost estimation using bes for autotrophic 
denitrification 

Despite research efforts in recent years, BES-based technologies for 
nitrate removal from groundwater still have significant challenges to 
overcome before extensive industrial applications. Affordable costs may 
be one of them. To quantitatively identify factors determining actual 
costs, an evaluation involving the determination of capital and energy 
costs was performed. The analysis involved the implementation of a 
nitrate removal system using BES, considering the drinking water de
mand equivalent to 5000 habitats (864 m3

water/day). Three inlet nitrate 
concentrations were considered: 14, 23 and 56 mg N-NO3

− /L (60, 100 
and 250 mg NO3

− /L), and systems were conceived in order to provide an 
effluent with a concentration of 6.8 mg N-NO3

− /L. BES reactors were 
dimensioned applying the nitrate removal kinetics reported by Wang 
et al. [135] and the modified cassette design reported by Leicester et al. 
[136] was used for the reactor configuration. Table 4 summarizes the 
characteristics of the materials considered for cost estimation. The 
evaluated system was composed of a combination of modules with a 
maximum useful volume of 100 m3. 

As is the case of most biological processes, conversion rates depend 
on concentration of substrates (electron donor, electron acceptor or 
nutrients). As a result, the volume of the reactor required to achieve a 
specific task will depend on substrate concentration within the system, 
which will be similar to that at the effluent, if good mixing is provided. A 
way to reduce reactor volume is to organize the system in reactors in 
series, which will provide higher concentrations in the initial reactors, 
increasing overall rates and reducing overall system volume. Then, cost 
analysis involved different scenarios combining in series and in parallel 
configuration of the required modules, as represented in Fig. 3. 

Results of the analysis are included in Figs. 4 and 5, which present 
the effect of influent concentration and modules organization, on capital 
and energy-derived costs. Analysis includes only the energy required for 
BES system operation, without including mixing or pumping. Capital 
costs are presented as US$ divided by system capacity (in m3 d− 1). On 
the other hand, energy costs are presented based on the treated water 
volume (in US$ per m3). Nitrate concentration in groundwater signifi
cantly impacts the capital and energy costs of the proposed system. The 
capital costs increase significantly as the nitrate concentration in 
groundwater increases, since removing more nitrate requires an increase 
in HRT, which implies increasing the number of modules needed to meet 
drinking water demand (see Fig. 4). On the other hand, energy costs also 
increase with increasing nitrate concentration, because more electrons 
are required as inlet concentration increases. 

As expected, the inclusion of modules organized in series (Fig. 3) 
produces a decrease in the required HRT, which has a significant impact 
on capital costs because the overall reactor size and/or number of 
modules is reduced. As shown in Fig. 4, the greatest impact is generated 

Table 4 
Summary of materials considered in capital cost estimation.  

Ítem Description Cost US 
$/unit 

Membranes Proton exchange membrane 160/m2 

Electrodes Carbon felt 20/m2 

Current distributor Stainless steel wire & woven stainless- 
steel mesh 

26/m2 

Cassette structure PVC Sheet 0.9/kg 
Reactor external 

structure 
Fiberglass plastic 40/m3 

Power supply – 900/kW  
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when considering nitrate contamination of 56 mg N-NO3
− /L, where 

including modules in series can induce an investment reduction of up to 
40%. When nitrate concentration is 23 mg N-NO3

− /L, the reduction is 
lower (about 20%), as a result of a lower nitrate load. Specifically, the 
lowest capital cost that could be achieved (10 modules) is around 9000 

US$/m3⋅d− 1, 4000 US$/m3⋅d− 1, and 2000 US$/m3⋅d− 1 for 56, 23 and 
14 mg N-NO3

− /L of nitrate, respectively. 
The capital costs were strongly determined by the price of the 

membranes, representing 65%, followed by the current distribution 
system (16%), the electrodes (12%), the power supply (5%), the reactor 
external structure (2%) and the cassette Structure (below 1%). Esti
mated capital costs seems very high, and far from commercially 
competitive. For example, seawater desalination technology by reverse 
osmosis has a capital cost of 1300 US$/m3⋅d− 1 [137]. Ionic exchange 
and reverse osmosis systems for removal of nitrate on groundwater, 
have an average capital cost of 598 ± 318 US$/m3⋅d− 1 and 3284 ± 628 
US$/m3⋅d− 1 respectively (data calculated from Jensen et al. [25] 
equation 21, using the reported annualized capital cost, amortization, 
and a flow of 0.23 MGD). The cost of a reverse osmosis system could be 
comparable to the cost of treating groundwater with 23 mg N-NO3

− /L of 
nitrate with a BES technology. If an inlet nitrate concentration of 
14 mg N-NO3

− /L is considered, the price of the membranes must 
decrease at least 50%, for BES technology to be competitive. For higher 
nitrate concentrations, lowering the cost of membranes would definitely 
not be sufficient. 

The energy costs per volume of treated water can also be significantly 
reduced when system is conceived in modules organized in series. This is 
associated with a decrease in the number of modules but is also related 

Fig. 3. Organization of modules in series and in paralel, for cost analysis. The 
number of modules in series is represented by i. The number of modules in 
paralel, by j. Then, the product of i and j represents the total number 
of modules. 

Fig. 4. Capital costs per water flow at different initial nitrate concentrations in groundwater considering reactors operated in series.  

Fig. 5. Energy costs per water volume at different initial nitrate concentrations in groundwater considering reactors operated in series.  
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to a decrease in energy consumption when the nitrate concentration at 
the reactor outlet increases. As shown in Fig. 5, energy costs, indepen
dent of groundwater nitrate concentration, can be markedly decreased 
when including a configuration of modules in series. For example, at an 
inlet concentration of 56 mg N-NO3

− /L, changes in the configuration can 
promote a reduction of close to 85% in the energy requirements. Spe
cifically, the lowest energy cost that could be achieved (10 modules) is 
around 1.70 US$/m3 (4.1 kWh/m3), 0.65 US$/m3 (1.6 kWh/m3), and 
0.36 US$/m3 (0.88 kWh/m3) for 56, 23 and 14 mg N-NO3

− /L, respec
tively. Energy consumption values are comparable with the ones ob
tained by Cecconet et al. [98] (0.251 kWh/m3). The energy costs 
estimated here for nitrate removal at groundwater concentrations of 14 
and 23 mg N-NO3

− /L are comparable to those reported for nitrate 
removal from groundwater by reverse osmosis, i.e., about 0.42 US$/m3 

(1.03 kWh/m3) [138]. 
Finally, no economy of scale effect was observed when the analysis 

was performed for a population of 1000 and 25,000. This implies that 
treating a larger groundwater flow does not result in lower capital or 
energy costs, at the conditions of this analysis. 

In summary, BES technology capital and energetic costs treating 
groundwater with 23 and 14 mg N-NO3

− /L may be comparable with 
reverse osmosis removing nitrate from groundwater, with the relevant 
advantage that nitrate is removed and not merely separated. However, 
to be competitive, it is imperative to lower the membrane costs, which 
represent 65% of the capital costs. 

6. Conclusions 

Autotrophic denitrification is a technically viable and proven alter
native to permanently remove nitrate from groundwater. There are a 
wide variety of well-studied bacterial species involved in denitrification 
using various electron donors. Of particular interest are electroactive 
microorganisms, which can reduce nitrate when grown symbiotically 
with an electrode as an electron donor in BES. BES-based technologies 
for nitrate removal are relatively new but there is considerable research 
conducted for other applications of BES, which undoubtedly allows 
strengthening the fundamental know-how of these systems. However, 
there are still significant challenges to be addressed for industrial ap
plications. In this context, the development of efficient and low-cost 
membranes, as well as the improvement of microbial community effi
ciency by reducing the hydraulic residence time, seems crucial. Future 
research should concentrate on ensuring systems that can treat 
industrial-scale volumes at a competitive price, but without compro
mising system efficiency and avoiding overpotential losses. 
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