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Abstract

:

Bioelectrochemical systems (BESs) are devices capable of converting chemical energy into electrical energy using microorganisms as catalysts. These systems have been extensively studied at the laboratory level, but, due to multiple difficulties, their large-scale implementation has been explored only sparingly. This study presents the most recent technological advances for scaling up BESs. In the same way, the main technical and economic challenges that hinder the correct implementation of these systems at a large scale are mentioned. The study concludes with a review of successful case studies in scaling up BESs and discusses future directions and emerging trends.
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Key Contribution: This work summarizes the most recent advances, challenges, and future perspectives in the scale-up of bioelectrochemical systems.










1. Introduction


Bioelectrochemical systems (BESs) are a highly complex emerging technology with the capacity to produce bioenergy and recover high-value-added products (e.g., nutrients, H2, and CH4) [1]. These systems transform the chemical energy stored in different substrates (glucose, acetate, etc.) into electrical energy through microorganisms acting as catalysts. These microorganisms, commonly known as exoelectrogens, can transfer electrons from their cells to an external electron acceptor, such as an electrode in a bioelectrochemical system [2]. Since their discovery in 1911 [3], BESs have been applied in contaminated soil remediation [4,5,6], greenhouse gas mitigation [7,8,9], biosynthesis [10,11,12], and wastewater treatment [13,14,15].



Scaling up these systems is imperative for their effective implementation in real-world settings. This will enhance the treatment capacity of contaminated effluents (municipal and industrial), boost energy production, and facilitate resource recovery [16,17,18]. However, the scale-up of BESs poses significant challenges, including high production and operating costs, low energy efficiency, and poor microbial community stability [19,20].



Recently, multiple strategies have emerged to address these challenges, incorporating advances in materials science, microbial genetic engineering, and process optimization to promote the scalability of BESs. These innovations include developing new electrode materials, producing novel biocatalysts (electroactive microorganisms), and optimizing the operating conditions to promote microbial activity [21,22].



This paper thus summarizes the most recent advances in scaling up bioelectrochemical systems. It also defines the main technical and economic challenges associated with this process. Finally, the paper presents the future directions and emerging trends for the large-scale implementation of such systems.




2. Fundamentals of Bioelectrochemical Systems


2.1. Basic Principles of BESs


A BES harnesses the capacity of specific microorganisms, designated as exoelectrogens, to degrade organic compounds, a process that concomitantly releases electrons. In contrast to the conventional behavior of electrons within biological reactions, which typically remain inside the cell, these exoelectrogens can transfer them to an external medium, such as the electrodes of a BES [23,24]. This process, known as extracellular electron transfer (EET), is a critical element of these systems. To date, several mechanisms by which exoelectrogens can transfer electrons to electrodes have been identified [25,26]:




	
Short-range direct electron transfer (SR-DET): through redox proteins such as outer membrane cytochromes;



	
Indirect electron transfer (IET): through redox mediators secreted by exoelectrogens, such as flavins produced by the genus Shewanella;



	
Long-range direct electron transfer (LR-DET): through electrically conductive appendages, such as nanowires.








A BES comprises two chambers: an anode chamber and a cathode chamber. Within the anode chamber, exoelectrogens oxidize organic matter, thereby producing electrons and protons. The electrons flow from the anode to the cathode through an external circuit, generating electrical energy. The protons pass through a cation exchange membrane into the cathodic chamber to maintain ionic equilibrium. In the cathodic chamber, electrons and protons react with an electron acceptor, such as oxygen, to complete the circuit, forming water as the final product [27,28,29,30]. This process is illustrated in Figure 1.




2.2. Types of BES


A broad array of BESs exists, each focused on a particular purpose. The most notable include the following:




	
Microbial fuel cells (MFCs, Figure 2a) are a type of BES that focuses on generating electricity from the oxidation of organic matter by microbial action. These systems can be configured in a variety of structural designs, including single-chamber configurations, where the anode and cathode are positioned within a single chamber separated by a cation exchange membrane, and dual-chamber configurations (most commonly used in laboratory scale experiments), where the anode and cathode are situated in separate chambers, with an ion exchange membrane acting as an isolator between them. MFCs find application in the remediation of contaminated water and soil while generating electrical power, as biosensors to detect the presence of toxic compounds or to assess the quality of wastewater, and to generate hydrogen when coupled to microbial electrolysis cells [31,32];



	
Microbial electrolysis cells (MECs, Figure 2b) are devices that facilitate the conversion of organic substrates to hydrogen and other products of commercial interest (methane, acetate, etc.) through microbial metabolism and the application of an external voltage. MECs resemble MFCs in that both rely on electrically active bacteria on the anode surface to convert organic matter into protons, electrons, and carbon dioxide. However, MECs require a power source to overcome the thermodynamic hurdle to enable the synthesis of the final product. Therefore, MECs are used not only in microbial electrosynthesis but also in wastewater treatment (by oxidizing organic matter in the anode chamber) and metal recovery (by facilitating the reduction and precipitation of these ions) [33,34];



	
Microbial desalination cells (MDCs, Figure 2c) are a bioelectrochemical system (BES) that utilizes the chemical energy stored in wastewater and other organic-rich waste to desalinate salt water. This process uses an electrical current generated by exoelectrogenic bacteria, which facilitates the migration of ions through anion and cation exchange membranes. The design of this type of system consists of three chambers: an anode chamber, a cathode chamber, and a desalination chamber, separated by ion exchange membranes. The primary benefits of this type of system include its low energy consumption (due to the implementation of microbiological activity as a catalyst), its high sustainability, and its capacity for the simultaneous treatment of pollutants [35,36].









2.3. Key Components of BESs


In the pursuit of the optimal design and construction of BESs, the following components require particular consideration:




	
Anode: This component functions as the electrode where exoelectrogens execute the oxidation of the organic matter present in the substrate. Furthermore, it functions as the support on which the electroactive microorganisms adhere, thereby facilitating biofilm development. The anode is essential because of its capacity to act as an electron acceptor for microorganisms under conditions of anaerobiosis in the system. Several factors, including the conductivity, surface area, and biocompatibility of the manufacturing material, influence the anode’s efficiency. Consequently, carbonaceous materials (e.g., carbon felt, carbon mesh, carbon cloth, and graphite brush) are optimal for such applications [37,38,39];



	
Cathode: The electrode that receives the electrons generated by the oxidation of organic matter at the anode. These electrons are then utilized to reduce oxygen and other electron-accepting compounds, such as nitrites, nitrates, and sulfates. Depending on the configuration of the BESs, the cathode can promote the formation of products such as hydrogen, biopolymers, and other chemicals. The cathode can be classified as either biotic or abiotic, depending on the operational design of the BES. Biotic cathodes utilize electroactive aerobic microorganisms to catalyze reduction reactions, whereas abiotic cathodes employ precious metals, such as platinum, to catalyze analogous reactions. In systems such as MFCs, the efficiency of the cathode can significantly impact the amount of electrical power generated. [40,41];



	
Cation exchange membrane (CEM): This constitutes a type of semipermeable membrane characterized by negatively charged functional groups (SO32−, COO−, PO32−, HPO3−, etc.) that facilitate the selective transport of cations across the membrane while impeding the movement of anions. In BESs, they separate the anodic and cathodic chambers, allowing the transport of protons (and other cations present in the substrate) generated at the anode surface to the cathode. This process is indispensable for maintaining the electroneutrality of the system. Also, CEMs minimize the diffusion of oxygen from the cathodic chamber to the anode chamber, which, if not avoided, would considerably decrease the system’s performance. To date, NafionTM 117 (DuPont), CMI-7000 (Membranes International Inc., Ringwood, NJ, USA), and Flemion™ (Asahi Glass, Tokyo, Japan) membranes are the most widely used in BESs due to their high ionic conductivity and permselectivity [42,43,44];



	
Electroactive microorganisms (EAMs): These function as catalysts, facilitating redox reactions using electrodes as electron acceptors (anode) or donors (cathode). The role of EAMs in BESs is contingent on the type of system and the microorganism selected. Exoelectrogens have been identified in all three domains of biological classification, including bacteria, archaea, and eukaryotes. Examples of well-studied exoelectrogens include Geobacter sulfurreducens, Shewanella oneidensis, Pseudomonas aeruginosa, and Escherichia coli [45,46];



	
Substrate: This is defined as the source that provides the organic matter that EAMs oxidize to generate electrons. The nature (chemical composition and biodegradability) and concentration (low and high substrate concentrations can inhibit the growth of exoelectrogens) of the substrate largely define the efficiency and performance of the BES. The substrate can range in complexity, depending on the demands of the specific process and the microbial density and diversity. Examples of substrates utilized as fuel in BESs include glucose, acetate, lactate, wastewater (domestic and industrial), solid waste (sludge, food waste, and lignocellulosic biomass), and gaseous substrates (CO and CO2), among others [47,48,49,50].









2.4. Performance of BESs


BES performance can be assessed using various measurements and parameters:




	
Current density is a measure of the amount of electrical current flowing through a given area. Current density determines the rate at which energy is recovered in the system. This measure is calculated by dividing the electric current by the projected area of the anode and is expressed in amperes per square meter (A m−2) [51];



	
Power density is a measure of the amount of energy that can be extracted from a BES per unit area or volume. It is expressed in watts per square meter (W m−2) (projected area of total anode surface) or in watts per cubic meter (W m−3) (anode chamber volume) [52];



	
Coulombic efficiency (CE) is a parameter that represents the fraction of electrons obtained from oxidizable substrates that are recovered at the anode, which indicates the efficiency of converting a substrate to electrical energy [53]. In a BES, the coulombic efficiency is usually calculated as follows:










  C E =    M   ∫  0   t    I d t     F b   V   A n   Δ C O D     



(1)




where M = 32 is the molecular weight of oxygen, I is the electric current (calculated from the voltage generated by the BES), F = 96,485.33 C mol−1 is Faraday’s constant, b = 4 is the number of electrons exchanged per mole of oxygen, VAn is the volume of the substrate in the anode chamber, and ΔCOD is the difference in chemical oxygen demand (COD) over time [54].





3. Current Innovations in BES Technology


3.1. New Materials in Electrodes


The efficiency of BESs is contingent upon the composition of the electrode materials and the interaction between the electroactive bacteria and the surface of these components [55]. The following section describes some of the most innovative materials used to fabricate electrodes for BES applications:




	
Carbon-based materials refer to a wide range of mainly carbon-based composite materials used in the synthesis and fabrication of electrodes. Of these, nanostructured carbonaceous matrices (e.g., carbon nanotubes, graphene, and mesoporous carbon) are of particular interest due to their high surface-to-volume ratio, excellent electrical conductivity, high biocompatibility, and low production costs [56]. Table 1 presents examples of these types of materials applied in BESs. According to these studies [57,58,59,60,61,62,63,64,65], using carbon-based materials has been demonstrated to enhance the fabricated electrodes’ electron transfer, surface area, and porosity. This factor is imperative for the augmentation of the performance of BES. Despite this, the authors note that the synthesis method influences the material properties, so the fabrication process selection must consider the specific application and system requirements;








	
Metallic nanoparticles are particles measuring between 1 and 100 nm in size. They are utilized to fabricate electrodes in BESs to enhance extracellular electron transfer and electricity generation. These particles are typically applied in the form of coatings (on carbon-based materials or metals such as stainless steel), incorporated into nanocomposites, and utilized in the fabrication of 3D nanostructures (such as nanowires and nanospheres) [66,67]. Incorporating metal nanoparticles in electrodes augments their surface area and electrical conductivity while concurrently endowing these components with catalytic properties that can enhance oxidation–reduction reactions, thereby increasing the efficiency of BESs [68]. As shown in Table 2, Choi et al. [69], Sallam et al. [70], and Khandelwal et al. [71] utilized nickel (Ni), silver (Ag), and copper (Cu) nanoparticles, respectively, to engineer cathodes with electrocatalytic properties, thereby enhancing the oxygen reduction efficiency and consequently the overall system performance. On the other hand, Matsena et al. [72] and Tahir et al. [73] employed palladium (Pd) and nickel (Ni) nanoparticles, respectively, to increase the surface area and the electrical conductivity of carbon-based anodes. This significantly increased the performance of the studied BESs;






	
Conductive polymers are organic compounds that can conduct electricity and thus improve electron transfer efficiency between electroactive microorganisms and electrodes in BESs. These materials have been shown to augment the surface area of the electrode, thereby providing additional sites for the adhesion of EAMs. The most commonly used conductive polymers include polyaniline (PANI), poly (3,4-ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy), among others [74]. Table 3 presents examples of these types of materials applied in BESs. The extant literature on the subject agrees that the combination of conductive polymers with carbon-based materials (graphene oxide [75,76], carbon cloth [77], graphite felt [78], and carbon brush [79]) produces a synergistic effect that improves the conductivity, biocompatibility, and, in general, the energy efficiency of bioelectrochemical systems. Also, the authors mention that the surface modification of the electrodes increases their surface area and their roughness, which promotes microbial adhesion and electron transfer.







3.2. Development of New Microbial Strains


Several strategies have been described for developing new microbial strains for their use in bioelectrochemical systems (BESs):




	
Genetic engineering and synthetic biology allow the modification of microorganisms to provide them with non-native functions or improve existing ones. These techniques can optimize extracellular electron transfer, which is crucial to increase the efficiency of BESs. Furthermore, they enable the incorporation of new enzymatic pathways, promoting the synthesis, detection, or oxidation of value-added products [80]. In this regard, Rabiço et al. [81] developed a novel exoelectrogenic strain of Pseudomonas, designated BJa5, and assessed its performance in a dual-chamber microbial fuel cell. This strain demonstrated a maximum power density of 39 mW m−2, a phenomenon attributed to its capacity to produce novel redox mediators. Conversely, Askitosari et al. [82] generated a novel Pseudomonas putida strain that expresses phenazine genes (heterocyclic compounds that function as natural redox mediators) from three distinct genetic sources of Pseudomonas aeruginosa for utilization in BESs. The authors observed that the developed strain generated four times more phenazines than the base strain, allowing this microbial species to be used in BESs. Furthermore, Fang et al. [83] engineered a mutant strain of Geobacter sulfurreducens that demonstrated an augmented capacity for producing outer membrane vesicles (OMVs), crucial for electron transfer in EAMs. This mutant strain also exhibited an enhanced ability to generate electric current in BESs;



	
Selection and discovery of new electroactive strains involve identifying and characterizing microorganisms with a high capacity to transfer electrons out of the cell and their subsequent application to enhance the performance of BESs. This can be achieved by electrochemical enrichment and selection (controlling the anode potential and modulating biofilm formation) and the search for new electroactive microorganisms (such as some Gram-positive bacteria, extremophilic microorganisms, and cable bacteria) [84]. For instance, Hubenova et al. [85] identified a novel Gram-positive bacterial strain (genus Paenibacillus) capable of forming electrochemically active biofilms. The authors implemented this microbial strain in a BES, yielding positive outcomes (electric current of 200 mA m−2). Additionally, Narcizo et al. [86] isolated a novel strain of Pseudomonas aeruginosa that produces pioverdin (an iron-transporting siderophore) and evaluated its electrogenic capacity in a microbial fuel cell (MFC) fed with glycerol as a substrate. This strain was found to be a promising biocatalyst for bioelectricity production, generating an electric current similar (82.4 mA m−2) to other P. aeruginosa strains reported in the literature. Conversely, Ai et al. [87] effectively recovered both cupric ion and cadmium ion from acidic mining waters using a bioelectrochemical system inoculated with a novel exoelectrogenic strain of the genus Pseudomonas (designated as E8). The findings indicate that this strain possesses considerable potential for the treatment of acid mining waters, the recovery of heavy metals, and the generation of electrical energy, with a maximum power density of 70.40 mW m−2.









3.3. Technological Innovations for Large-Scale Applications


Implementing BESs on a large scale is contingent upon technological innovations that address the prevailing technical and economic challenges. Among the most notable advancements are the following: (1) A decline in the cost of construction materials, particularly exchange membranes and electrodes [88], (2) An enhancement in the energy efficiency of the systems through the intensification of bioelectrochemical processes and the optimization of operating conditions [89], (3) An integration with other technologies, such as direct osmosis, reverse electrodialysis, and pressurized filtration [90], (4) The development of mathematical models for automated BES design [91], and (5) A scale-up to pilot and industrial plant levels [92], among others.





4. Challenges in Scaling up BESs


4.1. Energy Efficiency


The energy efficiency of a BES depends on its capacity to convert the chemical energy present in the substrate to electricity. For the large-scale application of these systems to be successful, BESs must be able to generate high power densities at low operating costs [93]. However, low energy efficiency is a persistent problem in these systems. This phenomenon is attributable to various factors, including the system’s internal resistance, voltage losses (due to methanogenic processes in the anode chamber, electrode polarization and corrosion, and adverse operating conditions), and mass transfer limitations (substrate availability, biofilm thickness, product accumulation at the anode, and oxygen diffusion at the cathode) [94,95].



One of the biggest challenges in BES scale-up is decreased energy efficiency with augmenting reactor size [96]. This is partly due to the increase in ohmic resistance as reactor components increase in size. Large-scale systems are also prone to voltage losses due to increased electrode spacing and exchange membrane surface area, which facilitates oxygen diffusion into the anode chamber [97,98].




4.2. Cost Considerations


When considering BES scale-up, costs are a decisive factor. Multiple aspects contribute to the total cost, from construction materials to system maintenance. Electrodes (made from materials such as gold or platinum) and exchange membranes represent a substantial expense in the manufacturing of these systems [99]. Also, these components have a limited lifetime and need to be replaced periodically [100].



Conversely, the operational expenditures may fluctuate due to various factors, including energy consumption (external power supply is often necessary for the aeration of the cathodic chamber and potential control in the BES), the pretreatment of highly complex substrates (which may be required to remove substances that inhibit microbial activity or damage reactor components), and labor (large-scale BES operation necessitates specialized personnel for monitoring, maintenance, and troubleshooting) [101,102,103].




4.3. Biocatalysts and Microbial Community Stability


The large-scale implementation of BESs faces challenges related to biocatalysts and the stability of microbial communities. Two key aspects that impact their performance are the efficiency and stability of the electroactive biofilm (maintaining a stable biofilm at a large scale can be difficult due to factors such as hydrodynamic conditions, temperature and pH variations, and nutrient availability) and microbial competition (in mixed culture systems, competition between electroactive and non-electroactive microorganisms can lead to a decrease in electron transfer efficiency and energy production) [104,105]. Consequently, developing robust and stress-tolerant EAMs is imperative to ensure the sustainability of BESs as a technology.





5. Case Studies in Scaling up BESs


Notwithstanding the present limitations, several authors have effectively scaled up bioelectrochemical systems. For instance, Valladares-Linares et al. [106] assessed a system comprising 18 stacked microbial fuel cells (with a total volume of 700 L) for domestic wastewater treatment. The outcomes of this study demonstrated that the pilot plant-scale BES can operate continuously without external energy and can significantly improve the quality of the treated effluent. Furthermore, Goto and Yoshida [107] investigated organic matter removal in slaughterhouse wastewater using single-compartment microbial fuel cells with varying volumetric capacities (1.5 L, 12 L, and 100 L). The authors highlighted that the pilot plant scale MFC (100 L) produced a maximum power density and average organic matter removal of 2.1 Wh m−3 and 52%, respectively, thus suggesting that this type of technology can be used for the remediation of meat industry effluents. Conversely, Guerrero-Sodric et al. [108] operated a pilot plant-scale double chamber microbial electrolysis cell (135 L) for six months, during which they modified the operational conditions (applied potential, hydraulic retention time, temperature, and substrate) to ascertain the limiting factors in hydrogen production. The authors concluded that at an applied potential of 0.9 V, temperatures above 30 °C, HRT of 1 d, and using synthetic wastewater as substrate, the system generated a maximum power density of 1.23 A m−2 and produced 0.1 m3 m−3 d−1 of hydrogen. This demonstrated the capacity of the BES to treat polluted effluents and sustainably produce hydrogen. In a related study, Huang et al. [109] examined the recovery of heavy metals (Cu2+, Ni2+, Zn2+, and Cr6+) and the removal of recalcitrant organic compounds in a pilot plant-scale cylindrical microbial electrolysis cell (40 L) fed with terminal etching wastewater at varying hydraulic retention times. The study demonstrated the complete recovery of the evaluated heavy metals and efficient treatment of real etching terminal wastewater. This offers a viable method for the simultaneous recovery of value-added products and treating highly contaminated effluents. In addition, Das et al. [110] designed and operated a pilot plant-scale (12.6 L) bioelectrochemical system for the production of acetic acid from biogas (as a carbon source). The system demonstrated the capacity to produce up to 70.55 g m−2 of acetic acid daily, exhibiting a coulombic efficiency of 77.8%. This outcome substantiates the viability of the proposed technology for carbon capture and its conversion into valuable compounds. Table 4 provides a synopsis of the most current case studies about the scale-up of bioelectrochemical systems. In these papers [111,112,113,114,115,116,117,118,119,120,121,122,123,124,125,126,127,128,129,130,131], the authors agree that scaling BESs remains a significant challenge. They note that the transition is not straightforward and that a decrease in performance is often observed with increasing reactor size. The authors also emphasize that optimizing several factors is critical to improving the performance of BESs at larger scales. These factors include electrode design and spacing [112,114,128], the selection of exoelectrogenic microorganisms compatible with the substrate and reactor operating conditions [123], selected hydraulic retention time [117], applied voltage (in the case of MECs) [129], and temperature [124], among others. Finally, Guerrero-Sodric et al. [111], Chen et al. [115], and Rossi et al. [125] highlight the need for comprehensive technical and economic analyses as well as life cycle assessments to determine the industrial feasibility and environmental impact of large-scale BESs.




6. Future Directions and Emerging Trends


6.1. Circular Economy Principles in BESs


The BES paradigm fosters a transition from a linear economic model (extract, manufacture, use, and discard) to a circular system that emphasizes the reuse of resources, the reduction of waste, and the closure of material cycles. By these principles, and as previously discussed, these systems facilitate the recovery of resources (e.g., nutrients, metal ions, and water), decentralized energy generation (mainly in rural or off-grid communities), the generation of value-added products (e.g., biofuels, biochemicals, and biomaterials), and the integration of processes (e.g., coupling this type of technology with anaerobic digestion systems, membrane bioreactors, etc.) [132,133,134].




6.2. Hybrid BESs


Bioelectrochemical hybrid systems represent a combination of conventional BESs with other technologies to increase efficiency and overcome the limitations of stand-alone systems [135,136]. These systems include plant MFCs (phyto-assisted bioremediation combined with MFC technology), microbial solar cells (integrate photoautotrophic and electrochemically active microorganisms to generate green electricity), microbial-enzymatic fuel cells (use enzymes to increase the rate of electron transfer by improving the current density produced), microbial reverse-electrodialysis cells (generate electricity from salinity gradients), and bio-electrochemical constructed wetland systems (favor the treatment of contaminated effluents and the generation of electrical energy through the interaction of EAMs, plants, and the endemic microbiota of the wetland), among others [137,138]. While these systems show promise, their large-scale implementation is limited by economic feasibility, long-term stability, and the complexity of fabrication and operation [139].





7. Conclusions


The constant population growth has dramatically increased the energy demand globally. Bioelectrochemical systems (BESs) offer a sustainable source for generating clean energy, treating contaminated water and soil, and producing high-value-added products. To date, significant progress has been made in developing new materials for the manufacture of electrodes, the discovery and development of new electroactive microbial strains, the reduction of construction material costs, and, in general, various factors that facilitate the scaling up of these types of systems. However, significant challenges persist (low energy efficiency, high fabrication and construction costs, and poor microbial community stability) that limit the effective transition of BESs from the laboratory to large-scale application. Advances in the engineering of these systems, new optimization strategies, the development and implementation of hybrid bioelectrochemical systems, and a circular economy approach could be key to greater adoption and success of these technologies at industrial scales.







Author Contributions


writing—original draft preparation, D.A.C.-M., S.Y.M.-A. and E.I.L.-A.; writing—review and editing, J.A.R.-D.l.G. and P.P.-R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Butti, S.K.; Velvizhi, G.; Sulonen, M.L.; Haavisto, J.M.; Koroglu, E.O.; Cetinkaya, A.Y.; Singh, S.; Arya, D.; Modestra, J.A.; Krishna, K.V.; et al. Microbial electrochemical technologies with the perspective of harnessing bioenergy: Maneuvering towards upscaling. Renew. Sustain. Energy Rev. 2016, 53, 462–476. [Google Scholar] [CrossRef]

	



Addagada, L.; Goel, M.; Shahid, M.K.; Prabhu, S.V.; Chand, S.; Sahoo, N.K.; Rout, P.R. Tricks and tracks in resource recovery from wastewater using bio-electrochemical systems (BES): A systematic review on recent advancements and future directions. J. Water Process Eng. 2023, 56, 104580. [Google Scholar] [CrossRef]

	



Potter, M.C. Electrical effects accompanying the decomposition of organic compounds. Proc. R. Soc. Lond. Ser. B Contain. Pap. A Biol. Character 1911, 84, 260–276. [Google Scholar] [CrossRef]

	



Habibul, N.; Hu, Y.; Sheng, G.P. Microbial fuel cell driving electrokinetic remediation of toxic metal contaminated soils. J. Hazard. Mater. 2016, 318, 9–14. [Google Scholar] [CrossRef] [PubMed]

	



Mohanakrishna, G.; Al-Raoush, R.I.; Abu-Reesh, I.M.; Pant, D. A microbial fuel cell configured for the remediation of recalcitrant pollutants in soil environment. RSC Adv. 2019, 9, 41409–41418. [Google Scholar] [CrossRef] [PubMed]

	



Yu, B.; Tian, J.; Feng, L. Remediation of PAH polluted soils using a soil microbial fuel cell: Influence of electrode interval and role of microbial community. J. Hazard. Mater. 2017, 336, 110–118. [Google Scholar] [CrossRef] [PubMed]

	



Arends, J.B.; Speeckaert, J.; Blondeel, E.; De Vrieze, J.; Boeckx, P.; Verstraete, W.; Rabaey, K.; Boon, N. Greenhouse gas emissions from rice microcosms amended with a plant microbial fuel cell. Appl. Microbiol. Biotechnol. 2014, 98, 3205–3217. [Google Scholar] [CrossRef] [PubMed]

	



Desloover, J.; Puig, S.; Virdis, B.; Clauwaert, P.; Boeckx, P.; Verstraete, W.; Boon, N. Biocathodic nitrous oxide removal in bioelectrochemical systems. Environ. Sci. Technol. 2011, 45, 10557–10566. [Google Scholar] [CrossRef]

	



Zhu, S.; Zhang, K.; Chen, W.; Chen, J.; Wang, T.; Lu, H. Greenhouse Gas Control, Biofuel Recovery, and Nutrients Removal in Single-Chamber Microalgal Biocathode Microbial Fuel Cells. J. Environ. Eng. 2023, 149, 04023054. [Google Scholar] [CrossRef]

	



Call, D.; Logan, B.E. Hydrogen production in a single chamber microbial electrolysis cell lacking a membrane. Environ. Sci. Technol. 2008, 42, 3401–3406. [Google Scholar] [CrossRef] [PubMed]

	



Kuntke, P.; Sleutels, T.H.J.A.; Saakes, M.; Buisman, C.J. Hydrogen production and ammonium recovery from urine by a Microbial Electrolysis Cell. Int. J. Hydrogen Energy 2014, 39, 4771–4778. [Google Scholar] [CrossRef]

	



Liang, D.; Zhang, L.; He, W.; Li, C.; Liu, J.; Liu, S.; Lee, H.; Feng, Y. Efficient hydrogen recovery with CoP-NF as cathode in microbial electrolysis cells. Appl. Energy 2020, 264, 114700. [Google Scholar] [CrossRef]

	



Cui, M.H.; Gao, L.; Lee, H.S.; Wang, A.J. Mixed dye wastewater treatment in a bioelectrochemical system-centered process. Bioresour. Technol. 2020, 297, 122420. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Q.; Yamashita, T.; Koike, K.; Matsuura, N.; Honda, R.; Hara-Yamamura, H.; Yokoyama, H.; Yamamoto-Ikemoto, R. A bioelectrochemical-system-based trickling filter reactor for wastewater treatment. Bioresour. Technol. 2020, 315, 123798. [Google Scholar] [CrossRef] [PubMed]

	



Wang, B.; Wang, Z.; Jiang, Y.; Tan, G.; Xu, N.; Xu, Y. Enhanced power generation and wastewater treatment in sustainable biochar electrodes based bioelectrochemical system. Bioresour. Technol. 2017, 241, 841–848. [Google Scholar] [CrossRef]

	



Sevda, S.; Garlapati, V.K.; Naha, S.; Sharma, M.; Ray, S.G.; Sreekrishnan, T.R.; Goswami, P. Biosensing capabilities of bioelectrochemical systems towards sustainable water streams: Technological implications and future prospects. J. Biosci. Bioeng. 2020, 129, 647–656. [Google Scholar] [CrossRef]

	



Schievano, A.; Berenguer, R.; Goglio, A.; Bocchi, S.; Marzorati, S.; Rago, L.; Louro, R.O.; Paquete, C.M.; Esteve-Núñez, A. Electroactive biochar for large-scale environmental applications of microbial electrochemistry. ACS Sustain. Chem. Eng. 2019, 7, 18198–18212. [Google Scholar] [CrossRef]

	



Camedda, C.; Hoelzle, R.D.; Carucci, A.; Milia, S.; Virdis, B. A facile method to enhance the performance of soil bioelectrochemical systems using in situ reduced graphene oxide. Electrochim. Acta 2019, 324, 134881. [Google Scholar] [CrossRef]

	



Cerrillo, M.; Riau, V.; Bonmatí, A. Recent advances in bioelectrochemical systems for nitrogen and phosphorus recovery using membranes. Membranes 2023, 13, 186. [Google Scholar] [CrossRef]

	



Enzmann, F.; Stöckl, M.; Zeng, A.P.; Holtmann, D. Same but different–Scale up and numbering up in electrobiotechnology and photobiotechnology. Eng. Life Sci. 2019, 19, 121–132. [Google Scholar] [CrossRef] [PubMed]

	



He, Y.T.; Fu, Q.; Pang, Y.; Li, Q.; Li, J.; Zhu, X.; Lu, R.; Sun, W.; Liao, Q.; Schröder, U. Customizable design strategies for high-performance bioanodes in bioelectrochemical systems. Iscience 2021, 24, 102163. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Cheng, S. Functional group surface modifications for enhancing the formation and performance of exoelectrogenic biofilms on the anode of a bioelectrochemical system. Crit. Rev. Biotechnol. 2019, 39, 1015–1030. [Google Scholar] [CrossRef] [PubMed]

	



Logan, B.E.; Rossi, R.; Ragab, A.A.; Saikaly, P.E. Electroactive microorganisms in bioelectrochemical systems. Nat. Rev. Microbiol. 2019, 17, 307–319. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, T.; Li, J.; Ji, Y.; Zhang, W.; Fang, Y.; Xin, F.; Dong, W.; Wei, P.; Ma, J.; Jiang, M. Progress and prospects of bioelectrochemical systems: Electron transfer and its applications in the microbial metabolism. Front. Bioeng. Biotechnol. 2020, 8, 10. [Google Scholar] [CrossRef]

	



Sayed, E.T.; Abdelkareem, M.A.; Obaideen, K.; Elsaid, K.; Wilberforce, T.; Maghrabie, H.M.; Olabi, A.G. Progress in plant-based bioelectrochemical systems and their connection with sustainable development goals. Carbon Resour. Convers. 2021, 4, 169–183. [Google Scholar] [CrossRef]

	



Yan, X.; Lee, H.S.; Li, N.; Wang, X. The micro-niche of exoelectrogens influences bioelectricity generation in bioelectrochemical systems. Renew. Sustain. Energy Rev. 2020, 134, 110184. [Google Scholar] [CrossRef]

	



Gul, M.M.; Ahmad, K.S. Bioelectrochemical systems: Sustainable bio-energy powerhouses. Biosens. Bioelectron. 2019, 142, 111576. [Google Scholar] [CrossRef]

	



Ivase, T.J.P.; Nyakuma, B.B.; Oladokun, O.; Abu, P.T.; Hassan, M.N. Review of the principal mechanisms, prospects, and challenges of bioelectrochemical systems. Environ. Prog. Sustain. Energy 2020, 39, 13298. [Google Scholar] [CrossRef]

	



Zhang, X.; Li, X.; Zhao, X.; Li, Y. Factors affecting the efficiency of a bioelectrochemical system: A review. RSC Adv. 2019, 9, 19748–19761. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, X.; Wang, X.; Li, N.; Wang, Q.; Liao, C. Bioelectrochemical system for dehalogenation: A review. Environ. Pollut. 2022, 293, 118519. [Google Scholar] [CrossRef]

	



Greenman, J.; Gajda, I.; You, J.; Mendis, B.A.; Obata, O.; Pasternak, G.; Ieropoulos, I. Microbial fuel cells and their electrified biofilms. Biofilm 2021, 3, 100057. [Google Scholar] [CrossRef] [PubMed]

	



Khandaker, S.; Das, S.; Hossain, M.T.; Islam, A.; Miah, M.R.; Awual, M.R. Sustainable approach for wastewater treatment using microbial fuel cells and green energy generation–A comprehensive review. J. Mol. Liq. 2021, 344, 117795. [Google Scholar] [CrossRef]

	



Pawar, A.A.; Karthic, A.; Lee, S.; Pandit, S.; Jung, S.P. Microbial electrolysis cells for electromethanogenesis: Materials, configurations and operations. Environ. Eng. Res. 2022, 27, 200484. [Google Scholar] [CrossRef]

	



Radhika, D.; Shivakumar, A.; Kasai, D.R.; Koutavarapu, R.; Peera, S.G. Microbial electrolysis cell as a diverse technology: Overview of prospective applications, advancements, and challenges. Energies 2022, 15, 2611. [Google Scholar] [CrossRef]

	



Liu, F.; Moustafa, H.; Hassouna, M.S.E.D.; He, Z. Resource recovery from wastewater can be an application niche of microbial desalination cells. Environ. Int. 2020, 142, 105855. [Google Scholar] [CrossRef] [PubMed]

	



Imoro, A.Z.; Mensah, M.; Buamah, R. Developments in the microbial desalination cell technology: A review. Water-Energy Nexus 2021, 4, 76–87. [Google Scholar] [CrossRef]

	



Bagchi, S.; Behera, M. Assessment of heavy metal removal in different bioelectrochemical systems: A review. J. Hazard. Toxic Radioact. Waste 2020, 24, 04020010. [Google Scholar] [CrossRef]

	



Abd El-Raheem, H.; Korri-Youssoufi, H.; Hassan, R.Y. Biofilm and the electron transfer mechanism in bioelectrochemical systems. In Bio-Electrochemical Systems; CRC Press: Boca Raton, FL, USA, 2022; pp. 65–91. ISBN 978-1-00-322543-0. [Google Scholar] [CrossRef]

	



Wilberforce, T.; Sayed, E.T.; Abdelkareem, M.A.; Elsaid, K.; Olabi, A.G. Value added products from wastewater using bioelectrochemical systems: Current trends and perspectives. J. Water Process Eng. 2021, 39, 101737. [Google Scholar] [CrossRef]

	



Das, S.; Das, S.; Das, I.; Ghangrekar, M.M. Application of bioelectrochemical systems for carbon dioxide sequestration and concomitant valuable recovery: A review. Mater. Sci. Energy Technol. 2019, 2, 687–696. [Google Scholar] [CrossRef]

	



Banu, J.R.; Kumar, M.D.; Gunasekaran, M.; Kumar, G. Biopolymer production in bio electrochemical system: Literature survey. Bioresour. Technol. Rep. 2019, 7, 100283. [Google Scholar] [CrossRef]

	



Chacón-Carrera, R.A.; López-Ortiz, A.; Collins-Martínez, V.; Meléndez-Zaragoza, M.J.; Salinas-Gutiérrez, J.; Espinoza-Hicks, J.C.; Ramos-Sánchez, V.H. Assessment of two ionic exchange membranes in a bioelectrochemical system for wastewater treatment and hydrogen production. Int. J. Hydrogen Energy 2019, 44, 12339–12345. [Google Scholar] [CrossRef]

	



Chatterjee, P.; Dessì, P.; Kokko, M.; Lakaniemi, A.M.; Lens, P. Selective enrichment of biocatalysts for bioelectrochemical systems: A critical review. Renew. Sustain. Energy Rev. 2019, 109, 10–23. [Google Scholar] [CrossRef]

	



Yang, K.; Qin, M. The application of cation exchange membranes in electrochemical systems for ammonia recovery from wastewater. Membranes 2021, 11, 494. [Google Scholar] [CrossRef] [PubMed]

	



Tucci, M.; Viggi, C.C.; Nunez, A.E.; Schievano, A.; Rabaey, K.; Aulenta, F. Empowering electroactive microorganisms for soil remediation: Challenges in the bioelectrochemical removal of petroleum hydrocarbons. Chem. Eng. J. 2021, 419, 130008. [Google Scholar] [CrossRef]

	



Yan, W.; Xiao, Y.; Yan, W.; Ding, R.; Wang, S.; Zhao, F. The effect of bioelectrochemical systems on antibiotics removal and antibiotic resistance genes: A review. Chem. Eng. J. 2019, 358, 1421–1437. [Google Scholar] [CrossRef]

	



Surti, P.; Kailasa, S.K.; Mungray, A.K. Genetic engineering strategies for performance enhancement of bioelectrochemical systems: A review. Sustain. Energy Technol. Assess. 2021, 47, 101332. [Google Scholar] [CrossRef]

	



Mohanakrishna, G.; Abu-Reesh, I.M.; Pant, D. Enhanced bioelectrochemical treatment of petroleum refinery wastewater with Labaneh whey as co-substrate. Sci. Rep. 2020, 10, 19665. [Google Scholar] [CrossRef] [PubMed]

	



Gautam, R.; Nayak, J.K.; Talapatra, K.N.; Ghosh, U.K. Assessment of different organic substrates for bio-electricity and bio-hydrogen generation in an integrated bio-electrochemical system. Mater. Today Proc. 2023, 80, 2255–2259. [Google Scholar] [CrossRef]

	



Im, H.S.; Kim, C.; Song, Y.E.; Baek, J.; Im, C.H.; Kim, J.R. Isolation of novel CO converting microorganism using zero valent iron for a bioelectrochemical system (BES). Biotechnol. Bioprocess Eng. 2019, 24, 232–239. [Google Scholar] [CrossRef]

	



Carmona-Martínez, A.A.; Lacroix, R.; Trably, E.; Da Silva, S.; Bernet, N. On the actual anode area that contributes to the current density produced by electroactive biofilms. Electrochim. Acta 2018, 259, 395–401. [Google Scholar] [CrossRef]

	



Rossi, R.; Logan, B.E. Using an anion exchange membrane for effective hydroxide ion transport enables high power densities in microbial fuel cells. Chem. Eng. J. 2021, 422, 130150. [Google Scholar] [CrossRef]

	



Hamelers, H.V.; Ter Heijne, A.; Sleutels, T.H.; Jeremiasse, A.W.; Strik, D.P.; Buisman, C.J. New applications and performance of bioelectrochemical systems. Appl. Microbiol. Biotechnol. 2010, 85, 1673–1685. [Google Scholar] [CrossRef] [PubMed]

	



Logan, B.E.; Hamelers, B.; Rozendal, R.; Schröder, U.; Keller, J.; Freguia, S.; Aelterman, P.; Verstraete, W.; Rabaey, K. Microbial fuel cells: Methodology and technology. Environ. Sci. Technol. 2006, 40, 5181–5192. [Google Scholar] [CrossRef]

	



Mier, A.A.; Olvera-Vargas, H.; Mejía-López, M.; Longoria, A.; Verea, L.; Sebastian, P.J.; Arias, D.M. A review of recent advances in electrode materials for emerging bioelectrochemical systems: From biofilm-bearing anodes to specialized cathodes. Chemosphere 2021, 283, 131138. [Google Scholar] [CrossRef] [PubMed]

	



Herkendell, K. Status update on bioelectrochemical systems: Prospects for carbon electrode design and scale-up. Catalysts 2021, 11, 278. [Google Scholar] [CrossRef]

	



Cai, T.; Huang, M.; Huang, Y.; Zheng, W. Enhanced performance of microbial fuel cells by electrospinning carbon nanofibers hybrid carbon nanotubes composite anode. Int. J. Hydrogen Energy 2019, 44, 3088–3098. [Google Scholar] [CrossRef]

	



Iftimie, S.; Dumitru, A. Enhancing the performance of microbial fuel cells (MFCs) with nitrophenyl modified carbon nanotubes-based anodes. Appl. Surf. Sci. 2019, 492, 661–668. [Google Scholar] [CrossRef]

	



Xu, Y.; Zhou, S.; Li, M. Enhanced bioelectricity generation and cathodic oxygen reduction of air breathing microbial fuel cells based on MoS2 decorated carbon nanotube. Int. J. Hydrogen Energy 2019, 44, 13875–13884. [Google Scholar] [CrossRef]

	



Pareek, A.; Sravan, J.S.; Mohan, S.V. Fabrication of three-dimensional graphene anode for augmenting performance in microbial fuel cells. Carbon Resour. Convers. 2019, 2, 134–140. [Google Scholar] [CrossRef]

	



Li, P.; Li, X.; Huang, J.; Qu, W.; Pan, X.; Chen, Q.; Klemes, J.J.; Wang, B.; Wang, J.; Tao, H. Nitrogen-doped graphene oxide with enhanced bioelectricity generation from microbial fuel cells for marine sewage treatment. J. Clean. Prod. 2022, 376, 134071. [Google Scholar] [CrossRef]

	



Xin, S.; Shen, J.; Liu, G.; Chen, Q.; Xiao, Z.; Zhang, G.; Xin, Y. Electricity generation and microbial community of single-chamber microbial fuel cells in response to Cu2O nanoparticles/reduced graphene oxide as cathode catalyst. Chem. Eng. J. 2020, 380, 122446. [Google Scholar] [CrossRef]

	



Mahmoud, M.; El-Khatib, K.M. Three-dimensional graphitic mesoporous carbon-doped carbon felt bioanodes enables high electric current production in microbial fuel cells. Int. J. Hydrogen Energy 2020, 45, 32413–32422. [Google Scholar] [CrossRef]

	



Song, Y.E.; Lee, S.; Kim, M.; Na, J.G.; Lee, J.; Lee, J.; Kim, J.R. Metal-free cathodic catalyst with nitrogen-and phosphorus-doped ordered mesoporous carbon (NPOMC) for microbial fuel cells. J. Power Sources 2020, 451, 227816. [Google Scholar] [CrossRef]

	



Liang, B.; Ren, C.; Zhao, Y.; Li, K.; Lv, C. Nitrogenous mesoporous carbon coated with Co/Cu nanoparticles modified activated carbon as air cathode catalyst for microbial fuel cell. J. Electroanal. Chem. 2020, 860, 113904. [Google Scholar] [CrossRef]

	



Attia, Y.A.; Samer, M.; Mohamed, M.S.; Moustafa, E.; Salah, M.; Abdelsalam, E.M. Nanocoating of microbial fuel cell electrodes for enhancing bioelectricity generation from wastewater. Biomass Convers. Biorefinery 2024, 14, 847–858. [Google Scholar] [CrossRef]

	



Yang, W.; Chen, S. Biomass-derived carbon for electrode fabrication in microbial fuel cells: A review. Ind. Eng. Chem. Res. 2020, 59, 6391–6404. [Google Scholar] [CrossRef]

	



Kaur, R.; Marwaha, A.; Chhabra, V.A.; Kim, K.H.; Tripathi, S.K. Recent developments on functional nanomaterial-based electrodes for microbial fuel cells. Renew. Sustain. Energy Rev. 2020, 119, 109551. [Google Scholar] [CrossRef]

	



Choi, Y.J.; Mohamed, H.O.; Park, S.G.; Al Mayyahi, R.B.; Al-Dhaifallah, M.; Rezk, H.; Ren, X.; Yu, H.; Chae, K.J. Electrophoretically fabricated nickel/nickel oxides as cost effective nanocatalysts for the oxygen reduction reaction in air-cathode microbial fuel cell. Int. J. Hydrogen Energy 2020, 45, 5960–5970. [Google Scholar] [CrossRef]

	



Sallam, E.R.; Khairy, H.M.; Elnouby, M.S.; Fetouh, H.A. Sustainable electricity production from seawater using Spirulina platensis microbial fuel cell catalyzed by silver nanoparticles-activated carbon composite prepared by a new modified photolysis method. Biomass Bioenergy 2021, 148, 106038. [Google Scholar] [CrossRef]

	



Khandelwal, A.; Dhindhoria, K.; Dixit, A.; Chhabra, M. Superiority of activated graphite/CuO composite electrode over platinum based electrodes as cathode in algae assisted microbial fuel cell. Environ. Technol. Innov. 2021, 24, 101891. [Google Scholar] [CrossRef]

	



Matsena, M.T.; Tichapondwa, S.M.; Chirwa, E.M.N. Synthesis of biogenic palladium nanoparticles using Citrobacter sp. for application as anode electrocatalyst in a microbial fuel cell. Catalysts 2020, 10, 838. [Google Scholar] [CrossRef]

	



Tahir, K.; Miran, W.; Jang, J.; Maile, N.; Shahzad, A.; Moztahida, M.; Ghani, A.A.; Kim, B.; Jeon, H.; Lim, S.-R.; et al. Nickel ferrite/MXene-coated carbon felt anodes for enhanced microbial fuel cell performance. Chemosphere 2021, 268, 128784. [Google Scholar] [CrossRef]

	



Cai, T.; Meng, L.; Chen, G.; Xi, Y.; Jiang, N.; Song, J.; Zheng, S.; Liu, Y.; Zhen, G.; Huang, M. Application of advanced anodes in microbial fuel cells for power generation: A review. Chemosphere 2020, 248, 125985. [Google Scholar] [CrossRef] [PubMed]

	



Yaqoob, A.A.; Mohamad Ibrahim, M.N.; Umar, K.; Bhawani, S.A.; Khan, A.; Asiri, A.M.; Khan, M.R.; Azam, M.; AlAmmari, A.M. Cellulose derived graphene/polyaniline nanocomposite anode for energy generation and bioremediation of toxic metals via benthic microbial fuel cells. Polymers 2020, 13, 135. [Google Scholar] [CrossRef] [PubMed]

	



Arteaga-Arroyo, G.; Ramos-Hernández, A.; De Los Reyes-Rios, A.; Méndez-López, M.; Pastor-Sierra, K.; Insuasty, D.; Marquez, E.; Fals, J. Design and Optimization of PEDOT/Graphene Oxide and PEDOT/Reduced Graphene Oxide Electrodes to Improve the Performance of Microbial Fuel Cells, Accompanied by Comprehensive Electrochemical Analysis. Polymers 2024, 16, 3134. [Google Scholar] [CrossRef] [PubMed]

	



Narayanasamy, S.; Jayaprakash, J. Carbon cloth/nickel cobaltite (NiCo2O4)/polyaniline (PANI) composite electrodes: Preparation, characterization, and application in microbial fuel cells. Fuel 2021, 301, 121016. [Google Scholar] [CrossRef]

	



Kim, M.; Li, S.; Song, Y.E.; Park, S.Y.; Kim, H.I.; Jae, J.; Chung, I.; Kim, J.R. Polydopamine/polypyrrole-modified graphite felt enhances biocompatibility for electroactive bacteria and power density of microbial fuel cell. Chemosphere 2023, 313, 137388. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhu, L.; An, L. Electricity generation and storage in microbial fuel cells with porous polypyrrole-base composite modified carbon brush anodes. Renew. Energy 2020, 162, 2220–2226. [Google Scholar] [CrossRef]

	



Dong, F.; Simoska, O.; Gaffney, E.; Minteer, S.D. Applying synthetic biology strategies to bioelectrochemical systems. Electrochem. Sci. Adv. 2022, 2, e2100197. [Google Scholar] [CrossRef]

	



Rabiço, F.; Pedrino, M.; Narcizo, J.P.; De Andrade, A.R.; Reginatto, V.; Guazzaroni, M.E. Synthetic Biology Toolkit for a New Species of Pseudomonas Promissory for Electricity Generation in Microbial Fuel Cells. Microorganisms 2023, 11, 2044. [Google Scholar] [CrossRef]

	



Askitosari, T.D.; Boto, S.T.; Blank, L.M.; Rosenbaum, M.A. Boosting heterologous phenazine production in Pseudomonas putida KT2440 through the exploration of the natural sequence space. Front. Microbiol. 2019, 10, 1990. [Google Scholar] [CrossRef] [PubMed]

	



Fang, Y.; Yang, G.; Wu, X.; Lin, C.; Qin, B.; Zhuang, L. A genetic engineering strategy to enhance outer membrane vesicle-mediated extracellular electron transfer of Geobacter sulfurreducens. Biosens. Bioelectron. 2024, 250, 116068. [Google Scholar] [CrossRef]

	



Bonné, R.; Marshall, I.P.; Bjerg, J.J.; Marzocchi, U.; Manca, J.; Nielsen, L.P.; Aiyer, K. Interaction of living cable bacteria with carbon electrodes in bioelectrochemical systems. Appl. Environ. Microbiol. 2024, 90, e00795-24. [Google Scholar] [CrossRef]

	



Hubenova, Y.; Borisov, G.; Slavcheva, E.; Mitov, M. Gram-positive bacteria covered bioanode in a membrane-electrode assembly for use in bioelectrochemical systems. Bioelectrochemistry 2022, 144, 108011. [Google Scholar] [CrossRef] [PubMed]

	



Narcizo, J.P.; Mancilio, L.B.K.; Pedrino, M.; Guazzaroni, M.E.; De Andrade, A.R.; Reginatto, V. A New Pseudomonas aeruginosa Isolate Enhances Its Unusual 1, 3-Propanediol Generation from Glycerol in Bioelectrochemical System. Catalysts 2023, 13, 1133. [Google Scholar] [CrossRef]

	



Ai, C.; Hou, S.; Yan, Z.; Zheng, X.; Amanze, C.; Chai, L.; Qiu, G.; Zeng, W. Recovery of metals from acid mine drainage by bioelectrochemical system inoculated with a novel exoelectrogen, Pseudomonas sp. E8. Microorganisms 2019, 8, 41. [Google Scholar] [CrossRef]

	



Cecconet, D.; Sabba, F.; Devecseri, M.; Callegari, A.; Capodaglio, A.G. In situ groundwater remediation with bioelectrochemical systems: A critical review and future perspectives. Environ. Int. 2020, 137, 105550. [Google Scholar] [CrossRef] [PubMed]

	



Maureira, D.; Romero, O.; Illanes, A.; Wilson, L.; Ottone, C. Industrial bioelectrochemistry for waste valorization: State of the art and challenges. Biotechnol. Adv. 2023, 64, 108123. [Google Scholar] [CrossRef]

	



Yang, E.; Chae, K.J.; Choi, M.J.; He, Z.; Kim, I.S. Critical review of bioelectrochemical systems integrated with membrane-based technologies for desalination, energy self-sufficiency, and high-efficiency water and wastewater treatment. Desalination 2019, 452, 40–67. [Google Scholar] [CrossRef]

	



Gadkari, S.; Gu, S.; Sadhukhan, J. Towards automated design of bioelectrochemical systems: A comprehensive review of mathematical models. Chem. Eng. J. 2018, 343, 303–316. [Google Scholar] [CrossRef]

	



Jadhav, D.A.; Chendake, A.D.; Vinayak, V.; Atabani, A.; Abdelkareem, M.A.; Chae, K.J. Scale-up of the bioelectrochemical system: Strategic perspectives and normalization of performance indices. Bioresour. Technol. 2022, 363, 127935. [Google Scholar] [CrossRef] [PubMed]

	



Salehmin, M.N.I.; Lim, S.S.; Satar, I.; Daud, W.R.W. Pushing microbial desalination cells towards field application: Prevailing challenges, potential mitigation strategies, and future prospects. Sci. Total Environ. 2021, 759, 143485. [Google Scholar] [CrossRef] [PubMed]

	



Tan, W.H.; Chong, S.; Fang, H.W.; Pan, K.L.; Mohamad, M.; Lim, J.W.; Tiong, T.J.; Chan, Y.J.; Huang, C.M.; Yang, T.C.K. Microbial fuel cell technology—A critical review on scale-up issues. Processes 2021, 9, 985. [Google Scholar] [CrossRef]

	



AlSayed, A.; Soliman, M.; Eldyasti, A. Microbial fuel cells for municipal wastewater treatment: From technology fundamentals to full-scale development. Renew. Sustain. Energy Rev. 2020, 134, 110367. [Google Scholar] [CrossRef]

	



Selvasembian, R.; Mal, J.; Rani, R.; Sinha, R.; Agrahari, R.; Joshua, I.; Santhiagu, A.; Pradhan, N. Recent progress in microbial fuel cells for industrial effluent treatment and energy generation: Fundamentals to scale-up application and challenges. Bioresour. Technol. 2022, 346, 126462. [Google Scholar] [CrossRef]

	



Kumar, S.S.; Kumar, V.; Malyan, S.K.; Sharma, J.; Mathimani, T.; Maskarenj, M.S.; Ghosh, P.C.; Pugazhendhi, A. Microbial fuel cells (MFCs) for bioelectrochemical treatment of different wastewater streams. Fuel 2019, 254, 115526. [Google Scholar] [CrossRef]

	



Jadhav, D.A.; Mungray, A.K.; Arkatkar, A.; Kumar, S.S. Recent advancement in scaling-up applications of microbial fuel cells: From reality to practicability. Sustain. Energy Technol. Assess. 2021, 45, 101226. [Google Scholar] [CrossRef]

	



Noori, M.T.; Vu, M.T.; Ali, R.B.; Min, B. Recent advances in cathode materials and configurations for upgrading methane in bioelectrochemical systems integrated with anaerobic digestion. Chem. Eng. J. 2020, 392, 123689. [Google Scholar] [CrossRef]

	



Rossi, R.; Logan, B.E. Impact of reactor configuration on pilot-scale microbial fuel cell performance. Water Res. 2022, 225, 119179. [Google Scholar] [CrossRef] [PubMed]

	



Ortega-Martínez, E.; Toledo-Alarcón, J.; Fernández, E.; Campos, J.L.; Oyarzún, R.; Etchebehere, C.; Cardeña, R.; Cabezas, A.; Koók, L.; Bakonyi, P.; et al. A review of autotrophic denitrification for groundwater remediation: A special focus on bioelectrochemical reactors. J. Environ. Chem. Eng. 2024, 12, 111552. [Google Scholar] [CrossRef]

	



Bashir, Y.; Raj, R.; Ghangrekar, M.M.; Nema, A.K.; Das, S. Critical assessment of advanced oxidation processes and bio-electrochemical integrated systems for removing emerging contaminants from wastewater. RSC Sustain. 2023, 1, 1912–1931. [Google Scholar] [CrossRef]

	



Jung, S.; Lee, J.; Park, Y.K.; Kwon, E.E. Bioelectrochemical systems for a circular bioeconomy. Bioresour. Technol. 2020, 300, 122748. [Google Scholar] [CrossRef] [PubMed]

	



Caizán-Juanarena, L.; Borsje, C.; Sleutels, T.; Yntema, D.; Santoro, C.; Ieropoulos, I.; Soavi, F.; Ter Heijne, A. Combination of bioelectrochemical systems and electrochemical capacitors: Principles, analysis and opportunities. Biotechnol. Adv. 2020, 39, 107456. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, T.; Jujjavarappu, S.E. A critical review on an advanced bio-electrochemical system for carbon dioxide sequestration and wastewater treatment. Total Environ. Res. Themes 2023, 5, 100023. [Google Scholar] [CrossRef]

	



Valladares-Linares, R.; Domínguez-Maldonado, J.; Rodríguez-Leal, E.; Patrón, G.; Castillo-Hernández, A.; Miranda, A.; Diaz-Romero, D.; Moreno-Cervera, R.; Camara-chale, G.; Borroto, C.G.; et al. Scale up of microbial fuel cell stack system for residential wastewater treatment in continuous mode operation. Water 2019, 11, 217. [Google Scholar] [CrossRef]

	



Goto, Y.; Yoshida, N. Scaling up microbial fuel cells for treating swine wastewater. Water 2019, 11, 1803. [Google Scholar] [CrossRef]

	



Guerrero-Sodric, O.; Baeza, J.A.; Guisasola, A. Exploring key operational factors for improving hydrogen production in a pilot-scale microbial electrolysis cell treating urban wastewater. Chem. Eng. J. 2023, 469, 144001. [Google Scholar] [CrossRef]

	



Huang, L.; Wan, H.; Song, S.; Liu, D.; Puma, G.L. Complete removal of heavy metals with simultaneous efficient treatment of etching terminal wastewater using scaled-up microbial electrolysis cells. Chem. Eng. J. 2022, 439, 135763. [Google Scholar] [CrossRef]

	



Das, S.; Cheela, V.R.S.; Dubey, B.K.; Ghangrekar, M.M. Design and operation of pilot-scale microbial electrosynthesis for the production of acetic acid from biogas with economic and environmental assessment. Heliyon 2024, 10, e39950. [Google Scholar] [CrossRef]

	



Guerrero-Sodric, O.; Baeza, J.A.; Guisasola, A. Enhancing bioelectrochemical hydrogen production from industrial wastewater using Ni-foam cathodes in a microbial electrolysis cell pilot plant. Water Res. 2024, 256, 121616. [Google Scholar] [CrossRef] [PubMed]

	



Aiken, D.C.; Curtis, T.P.; Heidrich, E.S. Avenues to the financial viability of microbial electrolysis cells [MEC] for domestic wastewater treatment and hydrogen production. Int. J. Hydrogen Energy 2019, 44, 2426–2434. [Google Scholar] [CrossRef]

	



Singh, L.; Miller, A.G.; Wang, L.; Liu, H. Scaling-up up-flow microbial electrolysis cells with a compact electrode configuration for continuous hydrogen production. Bioresour. Technol. 2021, 331, 125030. [Google Scholar] [CrossRef] [PubMed]

	



Blatter, M.; Furrer, C.; Cachelin, C.P.; Fischer, F. Phosphorus, chemical base and other renewables from wastewater with three 168-L microbial electrolysis cells and other unit operations. Chem. Eng. J. 2020, 390, 124502. [Google Scholar] [CrossRef]

	



Chen, J.; Xu, W.; Wu, X.; Jiaqiang, E.; Lu, N.; Wang, T.; Zuo, H. System development and environmental performance analysis of a pilot scale microbial electrolysis cell for hydrogen production using urban wastewater. Energy Convers. Manag. 2019, 193, 52–63. [Google Scholar] [CrossRef]

	



Tian, J.H.; Lacroix, R.; Quéméner, E.D.L.; Bureau, C.; Midoux, C.; Bouchez, T. Upscaling of microbial electrolysis cell integrating microbial electrosynthesis: Insights, challenges and perspectives. BioRxiv 2019, 609909. [Google Scholar] [CrossRef]

	



Leicester, D.D.; Amezaga, J.M.; Moore, A.; Heidrich, E.S. Optimising the hydraulic retention time in a pilot-scale microbial electrolysis cell to achieve high volumetric treatment rates using concentrated domestic wastewater. Molecules 2020, 25, 2945. [Google Scholar] [CrossRef]

	



San-Martín, M.I.; Sotres, A.; Alonso, R.M.; Díaz-Marcos, J.; Morán, A.; Escapa, A. Assessing anodic microbial populations and membrane ageing in a pilot microbial electrolysis cell. Int. J. Hydrogen Energy 2019, 44, 17304–17315. [Google Scholar] [CrossRef]

	



Li, Q.; Wang, Y.; An, C.; Jia, H.; Wang, J. Exploring novel approaches to enhance start-up process in microbial fuel cell: A comprehensive review. J. Water Process Eng. 2024, 63, 105425. [Google Scholar] [CrossRef]

	



Srivastava, P.; Abbassi, R.; Garaniya, V.; Lewis, T.; Yadav, A.K. Performance of pilot-scale horizontal subsurface flow constructed wetland coupled with a microbial fuel cell for treating wastewater. J. Water Process Eng. 2020, 33, 100994. [Google Scholar] [CrossRef]

	



Yang, R.; Liu, M.; Yang, Q. Microbial fuel cell affected the filler pollution accumulation of constructed wetland in the lab-scale and pilot-scale coupling reactors. Chem. Eng. J. 2022, 429, 132208. [Google Scholar] [CrossRef]

	



Ragio, R.A.; Rodrigues, P.S.; Subtil, E.L. Start-up of a membrane bio-electrochemical reactor: Technology for wastewater treatment and energy generation. Braz. J. Chem. Eng. 2021, 38, 461–470. [Google Scholar] [CrossRef]

	



Nath, D.; Ghangrekar, M.M. Plant secondary metabolites induced electron flux in microbial fuel cell: Investigation from laboratory-to-field scale. Sci. Rep. 2020, 10, 17185. [Google Scholar] [CrossRef]

	



Rossi, R.; Evans, P.J.; Logan, B.E. Impact of flow recirculation and anode dimensions on performance of a large scale microbial fuel cell. J. Power Sources 2019, 412, 294–300. [Google Scholar] [CrossRef]

	



Rossi, R.; Hur, A.Y.; Page, M.A.; Thomas, A.O.B.; Butkiewicz, J.J.; Jones, D.W.; Baek, G.; Saikaly, P.E.; Cropek, D.M.; Logan, B.E. Pilot scale microbial fuel cells using air cathodes for producing electricity while treating wastewater. Water Res. 2022, 215, 118208. [Google Scholar] [CrossRef]

	



Das, I.; Das, S.; Ghangrekar, M.M. Application of bimetallic low-cost CuZn as oxygen reduction cathode catalyst in lab-scale and field-scale microbial fuel cell. Chem. Phys. Lett. 2020, 751, 137536. [Google Scholar] [CrossRef]

	



Lust, R.; Nerut, J.; Kasak, K.; Mander, Ü. Enhancing nitrate removal from waters with low organic carbon concentration using a bioelectrochemical system—A pilot-scale study. Water 2020, 12, 516. [Google Scholar] [CrossRef]

	



He, W.; Dong, Y.; Li, C.; Han, X.; Liu, G.; Liu, J.; Feng, Y. Field tests of cubic-meter scale microbial electrochemical system in a municipal wastewater treatment plant. Water Res. 2019, 155, 372–380. [Google Scholar] [CrossRef]

	



Ceballos-Escalera, A.; Molognoni, D.; Bosch-Jimenez, P.; Shahparasti, M.; Bouchakour, S.; Luna, A.; Guisasola, A.; Borrás, E.; Della Pirriera, M. Bioelectrochemical systems for energy storage: A scaled-up power-to-gas approach. Appl. Energy 2020, 260, 114138. [Google Scholar] [CrossRef]

	



Enzmann, F.; Holtmann, D. Rational Scale-Up of a methane producing bioelectrochemical reactor to 50 L pilot scale. Chem. Eng. Sci. 2019, 207, 1148–1158. [Google Scholar] [CrossRef]

	



Borsje, C.; Sleutels, T.; Saakes, M.; Buisman, C.J.; ter Heijne, A. The granular capacitive moving bed reactor for the scale up of bioanodes. J. Chem. Technol. Biotechnol. 2019, 94, 2738–2748. [Google Scholar] [CrossRef]

	



Modestra, J.A.; Matsakas, L.; Rova, U.; Christakopoulos, P. Prospects and trends in bioelectrochemical systems: Transitioning from CO2 towards a low-carbon circular bioeconomy. Bioresour. Technol. 2022, 364, 128040. [Google Scholar] [CrossRef]

	



Kim, B.; Jang, N.; Lee, M.; Jang, J.K.; Chang, I.S. Microbial fuel cell driven mineral rich wastewater treatment process for circular economy by creating virtuous cycles. Bioresour. Technol. 2021, 320, 124254. [Google Scholar] [CrossRef] [PubMed]

	



Koul, Y.; Devda, V.; Varjani, S.; Guo, W.; Ngo, H.H.; Taherzadeh, M.J.; Chang, J.S.; Wong, J.W.C.; Bilal, M.; Kim, S.H.; et al. Microbial electrolysis: A promising approach for treatment and resource recovery from industrial wastewater. Bioengineered 2022, 13, 8115–8134. [Google Scholar] [CrossRef] [PubMed]

	



Horváth-Gönczi, N.N.; Bagi, Z.; Szuhaj, M.; Rákhely, G.; Kovács, K.L. Bioelectrochemical systems (BES) for biomethane production. Fermentation 2023, 9, 610. [Google Scholar] [CrossRef]

	



Ahmad, A.; Priyadarshani, M.; Das, S.; Ghangrekar, M.M. Role of bioelectrochemical systems for the remediation of emerging contaminants from wastewater: A review. J. Basic Microbiol. 2022, 62, 201–222. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, M.; Zhou, M.; Yang, H.; Liang, L.; Gu, T. Microbial fuel cell hybrid systems for wastewater treatment and bioenergy production: Synergistic effects, mechanisms and challenges. Renew. Sustain. Energy Rev. 2019, 103, 13–29. [Google Scholar] [CrossRef]

	



Fang, Y.K.; Wang, H.C.; Fang, P.H.; Liang, B.; Zheng, K.; Sun, Q.; Li, X.Q.; Zeng, R.; Wang, A.J. Life cycle assessment of integrated bioelectrochemical-constructed wetland system: Environmental sustainability and economic feasibility evaluation. Resour. Conserv. Recycl. 2023, 189, 106740. [Google Scholar] [CrossRef]

	



Yang, F.; Ke, Z.; Li, Z.; Patrick, M.; Abboud, Z.; Yamamoto, N.; Xiao, X.; Gu, J. Photo/Bio-Electrochemical Systems for Environmental Remediation and Energy Harvesting. ChemSusChem 2020, 13, 3391–3403. [Google Scholar] [CrossRef]








[image: Biotech 14 00008 g001] 





Figure 1. Schematic representation of a basic BES. 
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Figure 2. Schematics of different types of bioelectrochemical systems: (a) MFC; (b) MEC; (c) MDC. 
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Table 1. Carbon-based materials recently used in BESs.
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	Anode
	Cathode
	CEM
	Microorganisms
	Substrate
	Performance
	Reference





	Carboxylated multiwalled carbon nanotubes/carbon nanofibers composite
	Carbon cloth
	Manufacturer not specified
	Preacclimated bacteria from a sediment of a freshwater wetland
	Artificial wastewater
	362 ± 20 mW m2
	[57]



	Carbon cloth modified with carbon nanotubes (CNTs)
	Carbon cloth with a platinum covering
	Nafion 117
	Provided by the substrate
	Municipal wastewater
	393.8 mW m−2
	[58]



	Carbon felt
	CNTs hybridized molybdenum disulfide nanocomposites
	Nafion 117
	Bacteria originated from a stable operating MFC
	Sodium acetate
	53.0 mW m−2
	[59]



	3D graphene structures
	Stainless steel mesh
	Nafion 117
	Anaerobic pre-treated sludge
	Synthetic wastewater
	0.49 mW m−2
	[60]



	Nitrogen-doped graphene oxide
	Carbon cloth
	Nafion 117
	Anaerobic activated sludge
	Acetate-based solution
	708 mW m−2
	[61]



	Reduced graphene oxide decorated with Cu2O nanoparticles
	Carbon cloth
	Membraneless
	Activated sludge
	Acetate-based solution
	Presented as voltage (0.223 V)
	[62]



	Carbon felt decorated with graphitic mesoporous carbon
	Carbon paper loaded with Pt
	CMI 7001
	Anaerobic digester sludge
	Acetate-based solution
	70.3 mW m−2
	[63]



	Carbon paper
	Carbon cloth covered with a nitrogen- and phosphorous-doped, ordered mesoporous carbon
	PTFE diffusion layer
	Anaerobic digester sludge
	Acetate-based solution
	245.8 mW m−2
	[64]



	Carbon felt
	Nitrogenous mesoporous carbon coated with Co and Cu nanoparticles
	Membraneless
	Domestic wastewater
	Acetate-based solution and domestic wastewater
	2033 mW m−2
	[65]










 





Table 2. Metallic nanoparticles recently used in BESs.
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	Anode
	Cathode
	CEM
	Microorganisms
	Substrate
	Performance
	Reference





	Carbon felt
	Carbon felt loaded with Ni nanoparticles
	CMI-7000
	Anaerobic digester sludge
	Anaerobic nutrient solution with acetic acid as carbon source
	1630.7 mW m−2
	[69]



	Graphite based (characteristics not specified)
	Ag nanoparticle-activated carbon composite
	CMI-7000
	Provided by the substrate
	Seawater
	2500 mW m−2
	[70]



	Graphite felt
	Cu nanoparticle-activated graphite composite
	Ultra-filtration membrane
	Cow manure
	Fruit pulp
	6000 mW m−3
	[71]



	Biogenic Pd nanoparticles loaded on a carbon rod
	Carbon rod
	Nafion 117
	Wastewater treatment plant sludge
	Basal mineral medium with glucose or sodium formate as carbon source
	4.01 mW m−2
	[72]



	Nickel ferrite nanoparticles/MXene-coated carbon felt
	Carbon cloth
	Nafion 117
	Wastewater treatment plant sludge
	Growth media (characteristics not specified)
	1385 mW m−2
	[73]










 





Table 3. Conductive polymers recently used in BESs.
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	Anode
	Cathode
	CEM
	Microorganisms
	Substrate
	Performance
	Reference





	Graphene–polyaniline composite
	Graphite rod
	Not specified
	Treated wastewater
	Treated wastewater and sweet potato
	0.0016 mW m−2
	[75]



	Stainless steel/PEDOT/graphene oxide
	Graphite rod
	CMI-7000
	Methanococcus deltae
	Glucose
	1014.42 mW cm−2
	[76]



	Carbon cloth
	NiCo2O4/PANI/carbon cloth
	Nafion 117
	Pseudomonas aeruginosa
	Synthetic wastewater with an azo dye
	12.19 mW m−2
	[77]



	Polydopamine/polypyrrole -graphite felt
	Graphite rod
	Nafion 117
	Anaerobic digester sludge
	Acetate-based solution
	929 mW m−2
	[78]



	Polypyrrole-carboxymethyl cellulose-carbon nanotube/carbon brush
	Graphite rod
	Proton exchange membrane (type not specified)
	Electricity-producing microorganisms (origin was not specified)
	Acetate-based solution
	2970 mW m−2
	[79]










 





Table 4. Overview of recent case studies in scaling up BESs.
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	Type of BES
	Total Volume
	Anode
	Cathode
	CEM
	Microorganisms
	Substrate
	Performance
	Reference





	MEC
	150 L
	Carbon felt
	Ni-foam
	RALEX®
	Anaerobic sludge
	Diluted industrial wastewater
	Presented as current density (2 A m−2)
	[111]



	MEC
	88 L
	Carbon felt
	Stainless-steel wire wool
	Rhinhode
	Provided by the substrate
	Domestic wastewater
	Presented as current density (0.3 A m−2)
	[112]



	MEC
	10 L
	Carbon cloth
	Carbon cloth coated with MoP
	Membraneless
	Mixed bacteria culture from another MEC
	Acetate based solution
	Presented as current density (970 A m−3)
	[113]



	MEC
	168 L
	Reticulated vitreous carbon
	Reticulated vitreous carbon-Pt
	Nafion 117
	Provided by the substrate
	Municipal wastewater
	Not reported
	[114]



	MEC
	130 L
	Stainless-steel mesh wrapped with graphite fibers
	Stainless-steel wire
	Anion exchange membrane (brand not specified)
	Provided by the substrate
	Pre-treated urban wastewater
	Presented as current density (270 mA m−2)
	[115]



	MEC
	15 L
	Carbon tissue strips with a stainless-steel frame
	Granular carbon
	Fumatech
	From a carbon-tissue-bioanode running on an H-type reactor
	Biowaste hydrolysate
	Presented as current density (10.5 A m−2)
	[116]



	MEC
	72 L
	Carbon felt
	Stainless-steel wire
	Rhinhode
	Return sludge liquor and effluent of an operating MFC
	Return sludge liquor
	Presented as current density (1.12 A m−2)
	[117]



	MEC
	16 L
	Graphite felt
	Stainless-steel mesh
	CMI-7000
	Digestate from a wastewater treatment plant
	Pig slurry
	Presented as current density (1.75 A m−2)
	[118]



	MFC
	1200 L
	Carbon fabric
	Carbon fabric
	Membraneless
	Anaerobic mixed culture
	Raw municipal wastewater
	8.8 mW m−2
	[119]



	MFC
	65 L
	Graphite gravel
	Graphite gravel
	Membraneless
	Digested biogas slurry
	Synthetic wastewater
	11.67 mW m−3
	[120]



	MFC
	316 L
	Graphite plate
	Activated carbon
	Membraneless
	Provided by the substrate
	Pond water
	Presented as voltage (450 mV)
	[121]



	MFC
	28 L
	Carbon felt
	Carbon felt
	Membraneless
	Anaerobic sludge
	Synthetic wastewater
	129 mW m−2
	[122]



	MFC
	125 L
	Carbon felt
	Carbon felt coated with CuSn
	Clayware ceramic
	Anaerobic sludge
	Septic tank slurry
	83 mW m−2
	[123]



	MFC
	85 L
	Graphite fiber
	Activated carbon
	Membraneless
	Provided by the substrate
	Domestic wastewater
	0.101 W m−2
	[124]



	MFC
	1400 L
	Carbon fiber brush
	Activated carbon
	Membraneless
	Provided by the substrate
	Domestic wastewater
	0.043 W m−2
	[125]



	MFC
	25 L
	Carbon felt
	Carbon felt coated with CuZn nanoparticles
	Membraneless
	Anaerobic sludge
	Sewage sludge slurry
	7.5 W m−3
	[126]



	MES 1
	5.86 L
	Steel mesh covered with carbon powder
	Carbon cloth
	Nafion 117
	Activated sludge
	Synthetic wastewater
	Presented as current density (0.002 mA cm−2)
	[127]



	MES 1
	1500 L
	Graphite fiber brush
	Graphite fiber brush
	Membraneless
	Primary sedimentation tank effluent from a wastewater treatment plant
	Domestic and industrial wastewater
	406 mW m−3
	[128]



	EMG-BES 2
	32 L
	Activated carbon
	Activated carbon
	Membrane-less
	Anaerobic sludge
	Municipal wastewater
	Presented as current density (0.5 A m−2)
	[129]



	EMG-BES 2
	50 L
	Carbon laying
	Carbon fabric
	FKSPET-130
	Methanococcus maripaludis S2
	Sterile-filtrated MES medium
	Presented as current density (85 mA m−2)
	[130]



	GCMB-BES 3
	7.7 L
	Activated carbon granules
	Titanium mesh coated with Pt/Ir
	RALEX®
	Mixed electroactive community from an operation MEC
	Acetate-based solution
	Presented as current density (23 A m−2)
	[131]







1 Microbial electrosynthesis cell. 2 Electromethanogenesis bioelectrochemical system. 3 Granular capacitive moving-bed bioelectrochemical system.
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