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Abstract

:

Carbon constraints, as well as the growing hazard of greenhouse gas emissions, have accelerated research into all possible renewable energy and fuel sources. Microbial electrolysis cells (MECs), a novel technology able to convert soluble organic matter into energy such as hydrogen gas, represent the most recent breakthrough. While research into energy recovery from wastewater using microbial electrolysis cells is fascinating and a carbon-neutral technology that is still mostly limited to lab-scale applications, much more work on improving the function of microbial electrolysis cells would be required to expand their use in many of these applications. The present limiting issues for effective scaling up of the manufacturing process include the high manufacturing costs of microbial electrolysis cells, their high internal resistance and methanogenesis, and membrane/cathode biofouling. This paper examines the evolution of microbial electrolysis cell technology in terms of hydrogen yield, operational aspects that impact total hydrogen output in optimization studies, and important information on the efficiency of the processes. Moreover, life-cycle assessment of MEC technology in comparison to other technologies has been discussed. According to the results, MEC is at technology readiness level (TRL) 5, which means that it is ready for industrial development, and, according to the techno-economics, it may be commercialized soon due to its carbon-neutral qualities.
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1. Introduction


Water and energy are two inseparable commodities, which greatly influence the growth of human civilization. The worldwide population is estimated to reach 9.7 billion by 2050, while worldwide energy consumption is expected to exceed 736 quadrillion of British thermal units (BTUs) by 2040 [1]. Water is an important natural source for all life forms on Earth, and their quality of life is determined by its availability and quality [2,3]. The supply of clean water is essential for the establishment and maintenance of different human activities including households, agriculture, and industries. Freshwater is becoming one of the scarcest resources in recent years due to the increase in the world’s population and industrial activities [4]. The environment-related concerns due to the emission of greenhouse gases (GHGs) from fossil reserves has resulted in a paradigm shift in industrial business strategies to design new configuration systems for wastewater treatment along with the production of green biofuels [5]. Some of the major concerns for government bodies all around the world are the increasing global population, improving their living standards, environmental change, and enhancing water demand for energy generation [6].



Wastewater is a complex mixture of diverse categories of pollutants [7]. There are several forms of water contamination such as nutrient contamination, surface water contamination, oxygen depletion, groundwater contamination, microbiological contamination, suspended matter, chemical water contamination, and oil spillage, since water originates from many sources. Wastewater generated from various effluents needs to be treated before its recycling and reuse. Wastewater is rich in nutrients and its release in the open may cause eutrophication and pose a threat to flora and fauna. Wastewater also contains many unwanted chemicals and pathogens and is able to cause gastroenteritis, skin infections, and leptospirosis-like diseases [8]. Traditionally, the main purpose of wastewater treatment was to protect downstream users from health risks using various physical (grit and flotation) and chemical (neutralization, flocculation, oxidation, etc.) methods. These methods are all expensive and result in sludge production and secondary water pollution [9]. Water reservoirs are becoming more contaminated as a result of rising levels of micropollutants such as medicines, organic polymers, and suspended particles. Powdered activated carbon (PAC) has been shown to be a viable option for water filtration with little environmental effect [10]. H2 was formerly created using a variety of thermochemical, electrolytic, and photolytic techniques. Heat and pressure are used in thermochemical procedures to disrupt molecular bonds. Electrolysis is the process of breaking water into its parts using electricity. H2 is extracted from microorganisms via photolytic reactions. Furthermore, thermochemical processes need fossil fuels as raw material, whereas electrolytic and photolytic processes need a lot of energy and are, thus, quite costly [11,12]. Fossil fuel burning emits greenhouse gases (CO2, SO2, and NOx) and toxic pollutants such as polycyclic hydrocarbons, mercury, and volatile chemicals responsible for global warming, with a negative effect on human health [13].



Biological hydrogen generation is required to solve the thermodynamic and environmental issues by utilizing wastewater for hydrogen production with simultaneous wastewater treatment. When biomass is employed as a raw material, the organic compounds dissolved in the wastewater have a high energy state, making mechanical combustion difficult. The raw ingredients such as various types of wastewaters, lignocellulosic biomass, and organic compounds, utilized in biological hydrogen generation are readily accessible, cost-effective, and waste from other sectors.



Although different kinds of water electrolysis technologies have been established, further development is needed before they can be incorporated into large-scale, cost-effective electricity networks. For example, according to a recent techno-economic study, water electrolysis utilizing solar energy is still not economically viable when compared to hydrogen generation from fossil sources. Microbial electrolysis is considered to be a valuable, novel approach within this framework. Microbial electrolysis cells were originally suggested in 2005. Microbial electrolysis cell technology provides a dual advantage of gaseous energy production and organic waste treatment in these circumstances [14].



1.1. Sources of Wastewater


The properties of wastewater differ depending on its source. There are various sources of wastewater such as industrial wastewater, solid waste and sewage disposal, arsenic contamination of groundwater, underground storage, tube leakages, and inadequate sanitary facilities, which directly affect our environment.



1.1.1. Industrial Wastewater


Industries generate a huge amount of garbage, which is full of harmful chemicals and contaminants including antibiotics, polyphenolic compounds, and Azo dyes. It is one of the primary causes of contamination in the water environment. Over the past century, a significant volume of agricultural wastewater has been dumped into waterways, wetlands, and marine areas. Industries such as pharmaceuticals, food, pulp and paper, textiles, tannery, pesticides, dyeing, and painting are the most significant sectors for water contamination. Industries discharge a huge amount of unprocessed industrial waste into the rivers knowingly or unknowingly and trigger pollution all over the country [15].




1.1.2. Sugar-Based Wastewater


Comparatively, a significant concentration of carbohydrates (2300–3500 mg·L−1), sugars (0.65–1.18%), proteins (0.12–0.15%), and starch (65–75%) in starch processing wastewater (SPW) is discharged, which is an essential energy-rich source that can be transformed into a broad range of usable products [16]. SPW was used as a substrate to feed an energy-producing microbial consortium, achieving power generation of 0.044 mA·cm−2 in combination with a drop in chemical oxygen demand (COD) in 6 weeks from over 1700 mg·L−1 to 50 mg·L−1 [17]. Wastewater from breweries as a substrate in MFCs has become another favorite amongst investigators, largely due to its weak strength. While the composition of brewery wastewater differs, it is usually nearly 10-fold higher in concentration than domestic wastewater on the scale of 3000–5000 mg COD·L−1 [18].




1.1.3. Cellulose- and Chitin-Based Waste


Substrates such as cellulose and chitin are inexpensive biopolymeric resources that can be utilized for power generation and are easily accessible. In industrial and municipal wastewaters, these green materials also constitute a major portion of organic compounds [19]. Only a few reports on the usage of these particulate substrates in MFCs have been performed. The microorganism must be able to anaerobically hydrolyze cellulose and be electrochemically active, using an electrode as an electron acceptor, thus oxidizing cellulose hydrolysis metabolites for specific processing of cellulose to generate hydrogen in MECs.




1.1.4. Landfill Leachates


Landfill leachates are extremely contaminated landfill wastes comprising four main classes of contaminants with a diverse composition: dissolved organic and inorganic biocomponents, heavy metals, and organic xenobiotic compounds [20]. Habermann and Pommer initially documented the usage of landfill effluent in a biofuel cell for removal of COD, but no current output values were listed [21].




1.1.5. Protein-Based Wastewater


The diverse structure of fats, proteins, fibers, highly organic material, parasites, meat-processing effluents, and pharmaceuticals for veterinary purposes is known to be dangerous worldwide. Due to the vast spectrum of slaughterhouse wastewater (SWW) and pollutant levels, SWW is usually analyzed using bulk criteria. SWW comprises significant quantities of biochemical oxygen demand (BOD), chemical oxygen demand, total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and total suspended solids (TSS) [22]. A major concern for the livestock sector is indeed the overall management of SWW to decrease its ecological consequences [23]. It includes organic matter usable for processing from microbial activity. For its purification, it is important to reduce the BOD value therein [24].





1.2. Need for Hydrogen as a Biofuel


When compared to conventional carbon-based fossil fuels, hydrogen as a biofuel is more efficient in supplying energy. Biohydrogen is what we term hydrogen that is generated using biological routes and biotechnological principles [25]. The current analysis focuses on the mechanisms that produce hydrogen, the biology that underpins them, and the use of wastewater to produce hydrogen. It is a viable option since it is easy to make from renewable resources and can be utilized in high-efficiency fuel cells. Hydrogen is now created using a variety of thermochemical, electrolytic, and photolytic techniques [13]. The traditional practices mentioned above, on the other hand, are harmful to the environment in terms of GHG emissions. Thermochemical processes use fossil fuels as a source of energy, while electrolytic and photolytic processes need a lot of energy and are, thus, quite costly [26].



The biological synthesis of hydrogen is required to solve these difficulties and reduce negative environmental repercussions. The organic elements dissolved in wastewater are in a high-energy condition when biomass is employed as a source material. As a result, they are difficult to combust mechanically. This is the point at which we must depend on biological techniques to generate H2. The most favored technique of dark fermentative biohydrogen generation is restricted by the thermodynamic barrier. In this case, MEC technology provides a dual advantage of gaseous energy production and organic waste treatment. However, many more technological advances and a better knowledge of the role and function of microbial communities in biohydrogen generation must be accomplished before this method can be commercialized [27].





2. Biological Hydrogen Production


With the ever-rising energy demand, hydrogen can potentially be an alternative efficient and clean fuel replacement of the conventional ones [28]. An innovative approach to solve the issue of waste generation would be to utilize commercial and residential wastewater for producing electricity [29]. Biohydrogen production can come into action via four processes: (a) bio-photolysis, (b) dark fermentation, (c) photo fermentation, and (d) microbial electrolysis, as described below.



2.1. Bio-Photolysis


Bio-photolysis in a biological system generally means the dissociation of the water molecule in the presence of light (photons). In such a lytic process, photosynthetic microorganisms such as microalgae and cyanobacteria are involved, whereby photosystems (PSI, PSII) absorb light energy and the excited electrons pass through a sequence of energy carriers, eventually receiving two protons when a water molecule splits [28], as depicted in Figure 1.



In the direct process, the system follows the following reactions:


  2  H 2  O +  hv    →      O   2  + 4  H +  +      Fd     (  4  e −   )    →   Fd    (  red  )    .  










  4  e −  + 4  H +  +   Fd    (  red  )     →  Hydrogenase        Fd    Ox   + 2  H 2   Fd     (  red  )    .  











Although photoproduction of hydrogen in the biosystem is environmentally friendly and can be undertaken by partial activation of photosystem II in Chlamydomonas spp., it is not economically feasible because it is inefficient for development at the industrial level. When discussing the drawbacks of this mechanism, many physiological factors are taken into consideration, such as hydrogenase O2 sensitivity, competition with other metabolic pathways, downregulation of electron transport by non-dissipation of a proton gradient, and performance under non-saturating illumination [30].




2.2. Dark Fermentation


Dark fermentation (DF) is a process involving fermentation by dark-adapted microbes of carbohydrates under anoxic conditions to give H2 as a resulting product along with acids, as illustrated in Figure 2 [28]. Studies have shown that Clostridium spp. can use a wide variety of sugars, making it a possible candidate to form H2 from wastewater at a large scale [31]. The lowered pH due to acid output hampers the generation of H2.



A major economic emphasis is on biological H2 production from wastewater using dark fermentation. The H2 production system has many similarities with methanogenic anaerobic digestion, notably, the two gaseous compounds that can be separated from treated wastewater. The mixed microbial population present in both bioprocesses have the same properties but exhibit one major difference in biological H2 production: bacteria such as homo-acetogens and methanogens inhibit hydrogen formation. To destroy these microbes, heat treatment is required without affecting spore-forming fermenting bacteria. Other approaches include high dilution rates or low pH for higher activity of the reactor and optimized operating environmental conditions to maximize the output of hydrogen. Unfortunately, the production of bio-H2 depends on a comparatively limited volume of the overall equal H2 present in wastewater. We cannot estimate recovery efficiency in high-carbohydrate wastewater to surpass 15% of the electron equivalent, under optimized conditions. Therefore, various researchers have performed two-step processes that involve the development of bio-H2 via methanogenic anaerobic digestion to increase the overall energy output of the process. Methanogenic anaerobic digestion, as described later, is a useful and convenient process. Another promising technique is the conversion of methane to H2 via a catalytic method. Therefore, H2 production through the direct method is somewhat limited to the pretreatment step in large-scale energy production, while the discharge of H2 gas through plastic enclosures and thin metal sheets represents another limitation because of the high diffuse rate of H2 [32]. To increase the overall hydrogen yield, hybrid processes are also suggested, whereby organic acids produced in dark fermentation can be used as a feedstock in photo fermentation to produce hydrogen (Figure 2).




2.3. Photo Fermentation


The process of photo fermentation involves organic/inorganic substrate oxidation in the presence of O2 to release electrons that end up reducing ferredoxins. These reduced ferredoxins are related directly to the production of H2 and to the fixation of CO2. The following reaction takes place:


    (   CH  2   O 2  )  2   →  NADPH     Fd    (  red  )    +  ATP     →  Nitrogenase        H   2  +   Fd   Ox   + ADP + Pi .  











Although this process has advantages such as enhanced potential conversion yields and the ability to absorb a wide variety of substrates, there are drawbacks such as continuously regulated area/volume ratio maintenance in photobioreactors, temperature control, and controlled agitation. For the development of bio-H2 from wastewater, various types of reactor systems such as batch and continuous reactors are used, with each configuration providing its advantages and disadvantages [33].





3. Existing Wastewater Treatment Technologies and Their Bottlenecks


Traditional wastewater treatment usually takes place when wastewater is carried by a sewer to a centralized wastewater treatment plant, where the wastewater is then treated linearly by the end-of-pipe technology. It is time to make the switch to a closed-loop system [34], in which water is treated with simultaneous nutrient and energy recovery. Due to the superior positioning of decentralized wastewater treatment plants, centralized wastewater treatment plants can lead to a reduction in operational and capital expenditure (OPEX). Despite being in their infancy when it comes to deployment and optimization, decentralized solutions are lagging in the adoption phase when related to centralized ones. Clearly, the consequences of decentralization are visible, and developments in wastewater treatment plants are trying to make the transition from centralization to decentralization, where waste resources are reclaimed [35]. Because of a lack of effective methods for garbage disposal, management, and recycling, this problem will inevitably worsen [36]. Although centralized water systems are not relevant in many regions of the globe despite the drastic expansion in population and people favoring metropolitan areas, that trend is becoming even more prevalent as time progresses. For several reasons, from the changing demographics to building codes, rural people have to change their lifestyle, and this has placed wastewater setups under burden. Unfortunately, in several instances, this has led to efficient wastewater treatment systems not being put in place. In certain cases, it is difficult and expensive to build centralized wastewater treatment plants after the fact. With the increased use of distributed and non-networked technologies, it is more likely that we will develop a decentralized wastewater treatment infrastructure, which helps to encourage improved system robustness and lower economic and environmental costs [37].



Microbial Electrolysis Cell Mechanism for Wastewater Treatment with Simultaneous Hydrogen Production


The microbial electrolysis cell is a capable technique for removing organics while simultaneously producing hydrogen gas. When mixed with other elements, hydrogen is a plentiful element on Earth (water, hydrocarbons, etc.). To produce biohydrogen in a pure and regulated form, several industrial procedures are necessary. Among a variety of fuels (gasoline: 47.5 MJ·kg−1 higher heating value (HHV); 44.5 MJ·kg−1 lower heating value (LHV)), hydrogen has the greatest thermal efficiency (141.9 MJ·kg−1 HHV; 119.9 MJ·kg−1 LHV) and may be preserved for extended periods until being employed in fixed or mobile operations. The benefits of biohydrogen generation from waste matter, such as solid wastes and wastewater, are increased by making the process more sustainable [38]. Hydrogen is an excellent future fuel that can be used to meet the world’s energy demands due to its high energy density, ecologically benign combustion profile, and ability to be used at ambient temperature and pressure [39].



MECs provide a different approach for centralized wastewater treatment systems. According to this energy conversion estimate, the chemical energy potential of organic components constituting wastewater’s core is roughly 9.3-fold higher than the energy required to treat it [40]. There is a notable increase in employing biomass energy to get energy from biological anaerobic wastewater treatment because of the simplicity and resilience of this technique [41]. Anaerobic digestion (AD) is a technique that is increasingly being used to generate biogas from wastewater sludge. A process termed acetate digestion provides energy by breaking down acetate to produce CO2 and CH4 [42]. Alternatively, the process is quite sluggish and causes the biogas to produce a significant quantity of CO2, which reduces the energy density. Because biogas contains a high quantity of CO2, it must be stored, and substantial chemical treatment is performed, involving cryogenic separation, to eliminate CO2 until it can be utilized [43]. Compared to the use of biological techniques, MECs provide an alternate method for producing both CH4 and H2.



In MECs, microbes are utilized as biocatalysts to reduce the activation overpotential of a certain redox process, enhancing voltage efficiency and production rate [44]. On the surface of the anode, some microbes can develop a biofilm, which can convert the chemical energy contained in organic molecules into electrical energy. At the cathode, this electrical energy is subsequently used to produce additional useful products, such as H2 and CH4 [45]. To withstand cellular function and growth, certain microorganisms are electrochemically active, which means that they can transfer electrons along with the electrode to keep things running [46]. The chronological development of MEC technology is illustrated in Figure 3.





4. Thermodynamics and Electrochemistry for Hydrogen Production Using MEC


Because of the thermodynamic limitations, major organic compounds such as volatile acids (e.g., butyrate, acetate, and propionate) and solvents (e.g., ethanol and butanol) cannot be used for fermentative H2 production. However, additional energy is required for overcoming this limitation and for producing hydrogen [58]. In MEC, the required additional energy is provided by the voltage supplied through the power source. However, there is a necessity for higher applied potential than the equilibrium potential (Eeq) of the electrochemical cell (EC) for driving the MEC process. The equation is given as follows:


Eeq = Ecat − Ean,



(1)




where Eeq is the equilibrium potential of the EC, Ecat is the cathodic half-life potential, and Ean is the anodic half-life potential.



Therefore, to find the equilibrium voltage, determining the individual half-life potential using the Nernst equation is required.



Another well-researched electrochemical process is the hydrogen evolution reaction (HER). There are two reasons for this: (i) hydrogen evolution was originally regarded to be one of the simplest electrochemical processes, and (ii) it is a very significant process for society since hydrogen will one day replace fossil fuels as a transportation fuel, because of its simple reaction scheme.


  2  H +  + 2  e −  →      H   2    ( Under   acidic   conditions ) .  










  2  H 2  O + 2  e −  →      H   2  + 2   OH  −    ( Under   alkaline   conditions ) .  











The equilibrium potential of the hydrogen evolution process is significantly reliant on the pH at the cathode since protons (or hydroxyl ions) are involved, according to


   E  H 2 .   pH  o  =   − 0.059   ×   pH .  



(2)







It has been well established that HER proceeds via two successive steps. The initial adsorption of a proton to form adsorbed hydrogen, i.e., the Volmer reaction (H+ + e− + Had), is usually considered to be fast; however, there are two possibilities for the subsequent, slower hydrogen evolution process: one is the hemolytic Tafel reaction; the other is the heterolytic Heyrovsky reaction [59].


   H 2     O + e   −   + Me  →   MeH   ads      + OH   −     (   volmer   electrochemical   discharge   step   )  .  










    MeH   ads   +  H 2  O +  e −  →  H 2  ↑ +   OH  −  +  Me     (   Heyrovsky   electrochemical   disorption   step   )  .  










    MeH   ads   →  H 2   + 2 Me     (   Tafel   catalytic   recombination   step   )  .  











4.1. Anodic Potential for Hydrogen Production


In the MEC method, anode respiratory bacteria such as antibiotic-resistant bacteria (ARB) or exoelectrogens residing in anodic biofilms transform organic matter into bicarbonates, electrons, and protons; the electrons are then transported to the cathode via a limited energy supply (−0.300 V vs. standard hydrogen electrode (SHE) formed by ARB), where they interact with protons to produce hydrogen gas. For example, the sodium acetate reaction at the anode is presented below.


CH3COO− + 4H2O → 2HCO3− + 9H+ + 8e−.











In terms of the conceptual anode potential (Ean) for oxidation of acetates under typical biological conditions (pH = 7, T = 298.15 K, [CH3COO−] = 0.0169 mol·L−1 (1 g·L−1), and [HCO3−] = 0.005 mol·L−1), the Nernst equation can be approximated to


   E  an   =  E  a n     0  −     R T   8 F   ln    [  C  H 3  C O  O −   ]    [   HCO  3    −  ]    [   H +   ]   9    ,  



(3)






  = 0.187 −   8.31 × 298.15   8 ×  (  9.65 ×   10  4   )    ln    [  0.0169  ]       [  0.005  ]   2     [    10   − 7    ]   9    = − 0.300    V  ,  



(4)




where Ean0 is the standard electrode potential for acetate oxidation (0.187 V), R is the universal gas constant (8.31 J·mol−1·K−1), T is the absolute temperature (K), and F is Faraday’s constant (9.65 × 104 C·mol−1) [60].




4.2. Performance Calculation


4.2.1. Hydrogen Production Rate and Coulombic Efficiency


The system’s efficiency was measured in terms of the rate of hydrogen production, the rate of hydrogen recovery, the Coulombic efficiency, the volumetric density, and the energy recovered [61].



On the basis of COD elimination, the total potential number of moles generated,    n  t h    , is


   n  th   =    b   H  2 / s      v L  Δ  C S     M s    ,  



(5)




where    b   H  2 / s       = 4 mol/mol denotes the maximum amount of hydrogen that can be stoichiometrically generated from the substrate, vL denotes the volume of liquid in the reactor,   Δ S   (g COD·L−1) denotes the change in concentration of the substrate during one batch cycle, and Ms denotes the molecular weight of the substrate. The COD concentration (g COD·L−1) was converted into moles of acetate using a conversion factor of 0.78 g COD·g−1 sodium acetate. According to the measured current, the moles of hydrogen recovered by    n  C E     can be calculated as follows:


   n  CE   =     ∫   t = 0  t  Idt   2 F   ,  



(6)




where I = V/   R  e x     is the current computed from the voltage across the resistor, and 2 is the conversion factor used to transform moles of electrons to hydrogen.  F  = 96,485 C/mol e− is Faraday’s constant, and   d t   (s) is the interval over which data were collected. The Coulombic hydrogen recovery is expressed as


   r  CE   =    n  CE      n  th     =  C E  ,  



(7)




where    C E    is the Coulombic efficiency. The hydrogen recovery (in moles) at the cathode    r  C a t     is calculated as


   r  Cat   =    n   H 2       n  CE     ,  



(8)




where    n   H 2      is the number of moles of hydrogen recovered over a batch cycle. The maximum volumetric hydrogen production rate (Q) measured in m3 H2·m−3 of reactor per day (m3 H2·m−3·day−1) is calculated as


   Q   H 2     (   m 3       m    − 3   · day  )  =    I v   (  A /  m 3   )   r  Cat    [  1 C / s  )  / A ]  (  0.5    mol  ·  H 2  / mol ·  e −   )   (  86,400    s  / d  )     (  F = 9.65 ×   10  4   C  mol   ·  e −   )   C g   (  mol ·    H 2   L   )   (    10  3   L   m 3     )    =   43.2      I   V   r  Cat       Fc  g   ( T )    .  



(9)








4.2.2. Energy Recovery


The amount of energy provided by the power source to the circuit (WE) is expressed as


   W E  =   ∑  1 n   (    IE   ap    Δ t  −  I 2   R  ex    Δ t   )    ( adjusted   for   losses   across   the   resistor ) ,  



(10)




where    E  a p     (V) denotes the voltage applied,    R  e x     is the external resistor, and   Δ t   (s) is the time increment for n data points measured during a batch cycle [61]. Energy balances based on combustion heats are usually used for electrolyzers and for predicting the amount of energy contained in organic matter. The amount of energy added by the substrate is expressed as


   W s  =    Δ H   s   n s  ,  



(11)




where   Δ  H s   = 870.28 kJ·mol−1 is the heat of combustion of the substrate, and    n S    denotes the total number of consumed moles of the substrate during a batch cycle based on COD removal. The ratio of the total energy of the hydrogen produced to the input of required electrical energy is the energy efficiency relative to the electrical input (   n E   ).


   n E  =    n   H 2    Δ  H   H 2       W E    ,  



(12)




where   Δ  H   H 2      = 285.83 kJ·mol−1 is the energy content of hydrogen based on the heat of combustion (upper heating value), and    W   H 2      =    n   H 2    Δ  H   H 2     . The efficiency relative to the added substrate (   n S   ) is calculated as


   n S  =    W   H 2       W S    .  



(13)







The overall energy recovery based on both the electricity and the substrate inputs (   η  E + S    ) is expressed as


   η  E + S   =    W   H 2       W E  +  W S    .  



(14)







The percentages of energy contributed by the power source (   e E   ) and substrate (   e S   ) are calculated as follows:


   e E  =    W E     W E  +  W S    ,    e S  =    W S     W E  +  W S    .  



(15)










5. MEC Reactor Architecture


Similar to MFC, an elementary MEC architecture has two chambers that are connected employing an ion-exchange membrane. Over time, many different combinations of MECs, which are described below, have been developed for hydrogen yield improvement. The previous layouts comprised a basic H-type cell containing gas collection parts connected to a cathode chamber [62]. Eventually, various refinements were made to develop dual-chambered MECs for straightforward operation.



According to the findings of the research, based on a comparative analysis of various combinations, single-chambered MEC had higher hydrogen production rates and current densities than dual-chambered MEC. As a result, significant efforts have been made to further refine this combination for use in scale-up investigations. This surplus amount of MEC configurations indicates that the system setup for hydrogen generation in MEC is quite important. Substantial research was carried out to determine suitable MEC configurations. Several types of reactor modifications were assembled according to the results: cylindrical design, tubular reactor design, two-chamber MEC, up-flow single-chamber reactor, single-chamber membrane-less MEC, and many others. The hydrogen output and Coulombic efficiency of the MEC depend largely on the reactor configuration. Initially, researchers used dual-chambered MECs; the single-chambered MEC was introduced later for increasing the volumetric power density of the cathode and the hydrogen yield.



5.1. Single-Chambered MEC


A research group put together single-chambered MECs to synthesize hydrogen and assess the process efficiency. The main design used a glass bottle with a total capacity of 50 mL, while the secondary configuration used vials made of borosilicate glass with a total capacity of 10 mL; the cells usually used a mixed culture and pure culture of S. oneidensis, respectively. The anode and cathode, measuring 3.5 × 4 cm2 and 4 × 5 cm2, were kept 2 cm apart by plastic screws. The anode was type A carbon, and the cathode was type B carbon with platinum (0.5 mg·cm−2) as a catalyst separated by a J-cloth layer to prevent a short-circuit in both configurations [63,64]. Single-chambered MECs lack a membrane, as illustrated in Figure 4. When production rates are high, the microbial conversion of hydrogen to methane will be slow, with hydrogen being relatively insoluble in water. Energy losses of the membrane are lowered in membrane-less MECs, and the energy recovery process is high [65].



5.1.1. An Up-Flow Single-Chambered MEC


Lee HS constructed an up-flow single-chamber MEC by inserting a cathode on top of the MEC and implemented out a program to monitor hydrogen and electron equivalents in batch trials to enhance the output of hydrogen gas. In a batch evaluation experiment lasting 32 h with a starting acetate concentration of 10 mM, the CE was 60% ± 1%, the H2 yield was 59% ± 2%, and methane production was insignificant [66].




5.1.2. Smallest-Scale MEC


An MEC system with a single power source unit was designed. They used transparent glass serum vials with graphite plates functioning as anodes, which they found to be effective. It was soaked overnight, rinsed thrice in Milli-Q water, and further polished by sandpaper. Following the introduction of the unbent piece of wire through a hole drilled at the top center of the graphite plate, the bent end of the wire was inserted into a second hole and folded to form a tight connection between the wire and the plate. At 0.6 V of applied voltage, MECs having NiMo cathodes exhibited 33% better performance than NiW cathodes by accomplishing a hydrogen production rate (HPR) of 2.0 m3·day−1·m−3 at a current density of 270 A·m−3; however, this was slightly lower than MECs with a Pt catalyst which could accomplish 2.3 m3·day−1·m−3 [65].




5.1.3. A Cathode-on-Top Single-Chamber MEC


The reactor was made up of two parts: a top cover and the main chamber, both of which were constructed of glass and had a capacity of 0.4 L, as described in Figure 5 [62]. The substrate and electrolyte were pumped in via the bottom intake, and the produced gas was collected from the cathode with the use of a gasbag. HPR increased from 0.03 L·L−1·day−1 to 1.58 L·L−1·day−1 in a 24 h batch test when the applied voltage was expanded from 0.2 V to 1.0 V, and total hydrogen recoveries rose from 26.03% to 87.73% when the applied voltage was increased from 0.2 V to 1.0 V. The greatest total energy recovery was 86.78% at an applied voltage of 0.6 V [67].





5.2. Dual-Chambered MEC


Dual-chambered MECs are often used in typical configurations and consist of an anodic and a cathodic chamber separated by the use of a membrane, as shown in Figure 6. The H-type MEC is a widely utilized dual-chambered MEC. Dual-chambered MECs are difficult to scale up because of their complex assemblies and large volumes with high internal resistance. The utilization of a membrane serves a dual purpose. It lowers the crossover from the anode to the cathode chamber and helps to prevent short-circuits at the cathode chamber, as well as aiding in the preservation of the purity of the product collected on the cathode side. The proton exchange membrane (PEM) is the most often used membrane since it is intended to only allow free protons to flow through while employing –SO3 functional groups [68,69]. Alternative membranes, including anion-exchange membranes (AEM), such as AMI7001, bipolar membranes, and charge-mosaic membranes (CMM) [70] have also been investigated in MECs, in addition to the conventional membranes [71]. Cheng and Logan created a reactor in which an anion-exchange membrane (AEM) was used between the electrodes to achieve their desired results. The anode chamber was filled with graphite granules that were heated with ammonia gas, which increased the current densities, resulting in a reduction in the amount of time required for reactor accommodation. A carbon cloth served as the cathode, and a platinum catalyst was maintained near the membrane, which was connected to the outside circuit via a titanium wire [72].



Various patents associated with MEC reactor architecture (Figure 7) are displayed in Table 1.
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Table 1. Patents associated with MEC reactor architecture.






Table 1. Patents associated with MEC reactor architecture.





	Patent ID
	Description
	Reference





	US8440438B2
	More competition for fossil fuels and the desire to avoid carbon dioxide release through burning necessitate the development of new and sustainable technologies for energy generation and carbon capture. In accordance with aspects of the present invention, methods are given that include providing an electromethanogenic reactor containing an anode, a cathode, and a plurality of methanogenic microorganisms positioned on the cathode. Methanogens are given electrons and carbon dioxide. Even in the absence of hydrogen and/or organic carbon sources, methanogenic microbes produce methane.
	[73]



	US20150233001A1
	Bioelectrochemical systems including a microbial fuel cell (MFC) and a microbial electrolysis cell (MEC) are provided. Both systems can ferment insoluble or soluble biomass, with the MFC capable of using a consolidated bioprocessing (CBP) organism to also hydrolyze an insoluble biomass and an electricigen to produce electricity. The MEC, on the other hand, relies on electricity input into the system, a fermentative organism, and an electricigen to produce fermentative products such as ethanol and 1,3-propanediol from a polyol biomass (e.g., containing glycerol). There are also approaches that are related.
	[74]



	EP2747181A1
	The present invention relates to a process for inhibiting methanogenesis in single-chamber microbial electrolysis cells, which includes the initial addition of at least one methanogenesis inhibitor and is characterized by the following: dissolved hydrogen is removed from said cells after said initial addition of at least one methanogenesis inhibitor.
	[75]



	US7922878B2
	The present invention provides a system for hydrogen gas generation that includes a hydrogen gas electrode assembly with a first anode in electrical communication with a first cathode, a microbial fuel cell electrode assembly with a second anode in electrical communication with a second cathode, a microbial fuel cell electrode assembly in electrical communication with a third cathode, and a hydrogen gas electrode assembly with a third anode in electrical communication with a third cathode. The hydrogen gas electrode assembly is at least partially contained in the interior space of a single-chamber housing.
	[76]



	US9216919B2
	A brush anode microbial electrolysis cell is shown. At the cathode of the microbial electrolysis cell, a method for manufacturing products such as hydrogen is also given. The microbial electrolysis cell has a cylindrical shape with a concentric brush anode spirally wrapped around the outside of a cylindrical MEC, as illustrated in Figure 7. In some situations, the procedure may require sparging the anode and/or cathode with air. In rare situations, CO2-containing gas can also be fed into a cathode chamber to lower the pH.
	[77]



	CN102408155A
	The invention discloses a microbial electrolysis cell that combines CO2 conversion and sewage treatment functionalities. The invention relates to the intersection of biofuel cells and the environment, as well as carbon dioxide capture and usage, and it is specifically linked to a kind of CO2 conversion collection, with WWT in the microorganism electrolytic cell.
	[78]










6. Scale-Up Reactor Designing


Researchers have been trying to successfully construct large-scale reactors, so that wastewater treatment and value-added byproduct production become easier. These products can be hydrogen gas, methane, and so on. The theoretical conclusion for perfect up-scaling of the process through works of literature and data is difficult because of the differences in substrate type and other parameters such as operation mode [79]. Most of the reactors, as concluded from reviews, are operational in a continuously fed mode. The first scale-up of the MEC system was performed by Cusick et al. [80]. Based on the previous demonstration at laboratory scale, a single-chambered 1000 L MEC reactor was designed for H2 production from winery wastewater with high volatile fatty acid (VFA) content [81]. Along with hydrogen gas production, the production of methane was also observed at a gradually increasing level despite the MEC being functional for a short time. These observations, along with cases of cathode contamination, led to the development of a two-chamber system with a total capacity of 100 L by Heidrich [82,83]. In the tests conducted with wastewater produced domestically, methane production was inhibited successfully with the introduction of a polymeric membrane. This membrane separated the cathode from the rest of the reactor and helped in avoiding microbial crossover to the catholyte [79].



In batch mode, COD removal was high with higher H2 production. However, when the operational mode was switched to continuous mode, the COD level decreased along with the Coulombic efficiency. The probable reason behind the performance degradation may have been inefficient substrate flows into the reaction chamber and slow transportation of produced gas to the collection chamber. Hence, the usefulness of the transportation phenomenon in a functional scale-up reactor was highlighted [79]. Cotterill explained the cassette design module with Baeza using three different cassettes [84]. They observed material decay and degradation due to the applied voltage in a MEC. The development of a hermetic system is a challenge for reactors as the up-scaled reactors have shown leaking problems that might create balance errors. The existing systems are the perfect basis for up-scaled reactors; however, more work has to be done on the reactor design to make it fit for commercial and industrial applications [85,86,87]. More low-cost membranes and electrode materials need to be recognized. Attaining an optimum applied voltage and operational mode can also change the future of MECs [79]. Propylene has been the material chosen for building the body of a large-scale reactor [80,83], whereas polycarbonate is used for smaller systems [88]. Due to economic reasons, stainless-steel electrodes are used. Good electrolytic activity and proper H2 gas evolution add to its characteristics. However, nickel for the cathode and carbon materials for the anode [87] are also used.




7. Optimizing Features Affecting the MEC System Design for Hydrogen Production and Wastewater Treatment


Rapid commercialization of such a technique can result in a significant expansion in the industry, while also helping to enhance funds and boost research for continual advancements. The factors to be considered in the analysis and comparison of MECs for wastewater treatment and energy generation include several variables. This assessment highlights the main feedstock, anode and cathode materials, reactor volume, system architecture, outputs, and expenses as the most important aspects when it comes to the system design. These factors have an impact on system performance, as well as the commercialization of the technology’s economic feasibility. To be economically viable, MECs must strike a stability between overall system performance optimization and the economic proficiency of entirely basic components. MEC construction in the future should include ways to cut down on anode costs, enhance organic loading rates, and develop better knowledge about component requirements and electrode life expectancy [88]. For researchers to determine the next steps in the development of this technology, they must evaluate the parameters regarding industrial use and take into consideration the economic and manufacturing benefits, while simultaneously researching how to hasten the introduction of this method into the industry.



7.1. Feedstock


In general, wastewater strength is related to the degree of contamination of the water and determines the duration of treatment, reactor size, and quantity of energy needed and produced. This is because high-strength wastewater is rich in organic content; consequently, more energy may be recovered by treatment procedures. However, in the case of wastewater that has high strength, treating it will take a longer period, thereby increasing the amount of hydraulic retention time (HRT). An attempt should be made to enhance the HRT for a lower reactor size, thereby optimizing energy output or utilization. The loading levels and, hence, the organic loading rate (OLR) are substantially influenced by the source of wastewater.



With advancements in MEC cost, a system’s sustainable organic loading rate (OLR) varies within 800–1400 mg·L−1 [88]. As a result of the lower concentration of COD in urban wastewater (300–500 mg·L−1), it necessitates a smaller HRT (5–9 h); swine wastewater, on the other hand, requires a substantially longer HRT of 314 h due to the higher concentration of COD in the waste (18,300 mg·L−1). Longer HRTs provide a substantial obstacle to industrial adoption since they reduce the volume of waste which can be processed each day and necessitate the construction of larger reactors. High-strength wastewaters, on the other hand, offer more energy and, as a consequence, are more economically viable in terms of energy production, since larger organic loads have a higher energy potential. Moreover, wastewater of low strength has a low COD (total dissolved solidity (TDS) <250 mg·L−1), while the HRT is low; however, it is still difficult to economically justify treatment because of the extremely low energy output linked to its lower organic content. When wastewater strength (COD) increases even a little (by 360–400 mg·L−1), treatment is possible economically, since higher energy generation offsets the higher cost of treatment.



A hydrogen-producing MEC with an OLR ranging between 1000 and 2000 mg COD·L−1·day−1, according to Gil-Carrera et al., is a viable alternative when compared to activated sludge in terms of treatment efficacy. For wastewater treatments with OLRs more than 2000 mg COD·L−1·day−1, a possible HRT for diverse waste streams has been estimated [89]. The addition of electrodes, a wider bacterial adhesion surface, and the voltage delivered all contribute to enhanced performance. Based on the 1400 mg COD·L−1·day−1 OLR, both crude glycerol and cheese wheat, have extremely high HRT. In these circumstances, reactor design is critical to decreasing HRT while increasing solid retention to minimize reactor size. Traditional wastewater treatment requires a lot of energy, particularly activated sludge treatment, which accounts for approximately 60% of the total energy required. Compared to AD, MEC-ADs for the treatment of wastewater have led to a 1.7-fold increase in energy generation [90] and substrate removal, demonstrating the possibility for extremely effectual treatment for commercial waste streams previously employed. In addition, minimizing post-treatment needs would result in a significant reduction in the energy usage of the treatment procedure. The energy demands for full water treatment were estimated to be 0.057 kWh·m−3 (or 0.087 kWh·m−3 if ultraviolet treatment is chosen), which is about 85% less than the electrical energy consumption of a typical activated sludge process [91]. Utilizing MECs to reduce wastewater treatment energy consumption would have far-reaching global implications. There is an increase in the amount of research being done on the effectiveness of MECs in treating a variety of waste streams, which is aiding in the development of a better knowledge of how different microbial populations interact with different substrates. Because of its abundant availability and chemical composition, the waste feedstock is seen as an appealing and cost-effective substitute to pure chemicals in MECs.



7.1.1. Domestic or Residential Wastewater


The H2 produced by MECs is less expensive than the projected commercial value of hydrogen ($6·kg−1 H2), with a cost of $3.01·kg−1 H2 for domestic wastewater [92]. Heidrich et al. ran a 120 L MEC on site for the treatment of domestic wastewater. According to their findings, over more than 3 months, with a Coulombic efficiency of 55%, the MEC was capable of creating pure H2 (100% ± 6.4% purity). The reactor generated approximately 0.015 L H2·L−1·day−1 and retrieved around 70% of the electric power input [82,83]. According to Zhen et al. (2016), the utilization of the liquid portion of pressed municipal solid waste (LPW) for H2 production was investigated. The maximum H2 production (0.38 ± 0.09 m3·m−3·day−1 and 30.94 ± 7.03 mmol·g COD−1 added) was obtained at an applied voltage of 3.0 V and a pH of 5.5. Acetate, propionate, and butyrate, following their acetification, were used to achieve electrohydrogenesis, which resulted in an overall H2 recovery of 49.5% ± 11.3% of the COD provided in the experiment [93].




7.1.2. Industrial/Food Processing Wastewater


Montpart et al. investigated the usage of glycerol, milk, and starch in varied concentrations and levels of complexity in synthetic wastewater using a single-chamber MEC. It was discovered that only milk was capable of sustaining hydrogen synthesis for a prolonged period of time. The introduction of glycerol and starch in MEC did not inhibit the total multiplication of H2 scavengers, even under circumstances of short H2 retention time caused by frequent nitrogen sparging [94]. Shen et al. used a continuous up-flow fixed-bed MEC to treat recalcitrant wastewater generated from hydrothermal liquefaction of cornstalks while simultaneously producing hydrogen. At 1.0 V in the cathode, a hydrogen generation rate of 3.92 mL·L−1·day−1 was attained, although the highest power density (305.02 mW·m−3) was achieved at 0.6 V [95]. Guo et al. studied the effect of several cathode/anode ratios in membrane-less MECs using beer wastewater. With an improved cathode/anode ratio of 4 cm2·cm−3 and an applied voltage of 0.9 V, methane production of 0.14 m3·m−3·day−1 was achieved [95]. Furthermore, wastewater from a soybean edible oil refinery was used to generate bioelectricity and biomethane through the utilization of MFCs and MECs [89]. In comparison to conventional anaerobic digestion, the methane yield was 45.4 ± 1.1 L·kg−1 COD, and the generation rate of MECs was 0.133 ± 0.005 m3·m−3·day−1.




7.1.3. Fermentation Effluents


The fermentation effluents comprise various byproducts such as acetate, butyrate, ethanol, lactate, and formate. These byproducts can still undergo further reactions, resulting in the production of more hydrogen. The fermentation of sugars by bacteria is a common source of H2 production, although transformation of carbohydrates to hydrogen is insufficient. Additional hydrogen is frequently generated from the effluent of an ethanol dark fermentation reactor, according to the results of a single-chamber MEC test. At an applied voltage of E(ap) = 0.6 V, overall H2 recovery of 83% ± 4% was achieved using a pH-controlled effluent (pH = 6.7–7.0), with a hydrogen generation rate of 1.41 ± 0.08 m3 H2·m−3·day−1; furthermore, after combining the MEC and fermentation system, the overall H2 recovery increased to 96%, and the system was able to produce an average of 2.11 m3 H2·m−3·day−1, which corresponds to a voltage efficiency of 287%. At applied voltages ranging from 0.5 to 0.8 V, high cathodic hydrogen recoveries (ranging from 70% ± 5% to 94% ± 4%) were obtained [96].



When the MEC was integrated with the other fermentation system, 96% of the H2 was recovered at a production rate of 2.11 m3 H2·m−3·day−1, resulting in electrical energy productivity of 287%. Sosa-Hernández et al. investigated the potential of spent yeast (SY) for energy recovery in MEC. Tests were conducted on the concentrations of SY produced by bench alcoholic fermentation and ethanol, which ranged between 750 and 1500 mg COD·L−1 and between 0 and 2400 mg COD·L−1, respectively. The removal efficiency (RE), Coulombic recovery (CR), Coulombic efficiency (CE), H2 production, and current density of the COD removal system were all measured and analyzed. The combination of 1500 mg COD·L−1 SY + 1200 mg COD·L−1 ethanol produced an appealing current density (222.0 ± 31.3 A·m−3) and H2 generation (2.18 ± 0.66 LH2·d−1·LReactor−1) [97]. Cai et al. developed a bioelectrochemically assisted anaerobic reactor and compared it to an anaerobic digestion (AD) control reactor in order to generate methane. They achieved an average methane production rate of 0.070 mL CH4·mL−1 reactor·day−1, which was 2.59 times greater than the AD control reactor (0.027 m3 CH4·m−3·day−1), as well as an increase in COD removal of approximately 15% above the AD control. When the fermentation liquid is changed to sludge fermentation liquid, the rate of methane generation was raised even further, reaching 0.247 mL CH4·mL−1 reactor·day−1 [98].




7.1.4. Swine Wastewater


Employing a single-chamber MEC with a graphite-fiber brush anode, hydrogen gas was produced at a rate of 0.9–1.0 m3 H2·m−2·day−1 utilizing either pure or diluted swine wastewater (which may contain complex molecules that degrade at a slower rate than hydrogen). As a result, a greater allocation of carbon should be assured in order to meet the carbon demand that cannot be fulfilled by the organisms themselves. Undiluted swine waste matter would require a carbon-to-nitrogen ratio greater than 1.7 in order to degrade completely). COD removals ranged from 8–29% in 20 h tests and 69–75% in longer tests (184 h) that used full-strength effluent to achieve the highest levels of COD removal. The gas produced contained up to 77% ± 11% H2, with overall recoveries of up to 28% ± 6% of the COD contained within the waste matter being recovered as hydrogen [99].




7.1.5. Refinery Wastewater


Lijiao Ren was the first person to make use of refinery wastewaters [100]. The treatment of six different refinery wastewater samples was observed in mini-MECs. These waste matter samples were assessed separately and in combination with domestic waste matter as MFC feedstock to determine whether the treatability of the waste matter might be enhanced by introducing microbes and nutrients. In MEC testing, the various refinery wastewater collections differed in terms of current production and treatability. All the de-oiled wastewater samples from mixed sources performed well, with one sample providing values similar to DW. Other samples had low current densities as a result of high starting pH or a low BOD. The effectiveness of MECs was investigated using current generation throughout a number of batch-fed cycles. Refinery wastewater (RW) was treated in MECs that were previously acclimated utilizing domestic wastewater (DW) or a 50:50 mixture of RW and DW. The most effective results were obtained from de-oiled refinery wastewater collected from a single site (DOW1), which had a maximum current density of 2.1 ± 0.2 A·m−2 (maximum current density), 79% COD removal, and 82% BOD removal. The results observed were consistent with the results obtained from the domestic wastewater treatment study [100].




7.1.6. Winery Wastewater


Field site experiments were carried out at the Napa Wine Co. (NWC), which is located in Oakville, California, USA. NWC crushes and decants an annual total of 7000 tons of grapes and creates an annual total of 5.1 × 104 m3 of wastewater. The treatment of on-site wastewater (through aerobic biological oxidation) consumes roughly 654,000 kWh of power per year. A continuous-flow MEC on a scale of 1000 L was built and analyzed for current production and COD removal using winery waste matter, with positive results. The reactor was divided into 24 modules, each containing 144 electrode pairs. The development of an exoelectrogenic biofilm took around 60 days, which is significantly lengthier than the time typically necessary for laboratory reactors. By the time the experiment was scheduled to be completed, current production attained a maximum of 7.4 A·m−3 (after 100 days). Despite the fact that the majority of the product gas was transformed to methane (86% ± 6%), the cathodic approach produced a peak of 0.19 ± 0.04 L·L−1·day−1. Higher techniques for isolating H2 gas generated at the cathode will be necessary in future testing in order to increase the amount of hydrogen recovered. The current generation was adjusted by guaranteeing a sufficient volatile fatty acid content (VFA/SCOD ≥ 0.5) and by increasing the temperature of the waste materials (to 31 ± 1 °C) in the waste stream. In addition, the usage of MECs remains a potential technology for the integration of energy recovery and wastewater treatment [101].



Various substrates have been utilized in MEC as illustrated in Table 2.





7.2. Inoculation


Inoculating microorganisms into a MEC in which they would survive and grow, producing a microbial biofilm on the electrodes, is known as system inoculation. Because microorganisms are inoculated into the system, inoculum selection is essential for organic matter degradation [108]. Because the response of an MEC system is governed by the microorganisms involved, inoculation directly controls the start-up time of the system. The start-up period refers to the time it takes for a system to begin producing H2 or biogas. Long start-up durations diminish system proficiency because it takes longer for the system to begin generating energy; consequently, choosing the correct inoculum source is critical to maximizing system efficiency. Methods for reducing the time it takes for microbial electrochemical systems (MESs) to start up have been investigated. Selection of inoculum could be helpful to reduce start-up time while simultaneously improving efficiency. Biogas production was significantly increased by 18.5% when a mixture of inoculum sources containing a 1:4 ratio of activated sludge and municipal sewage was used as compared to a mono-inoculated treatment, implying that diversification is required for nutrient enrichment, which is essential for digestion [108]. In other words, the development of the methanogenic consortium in the system was also more rapid, which indicates that this mixed bacterial consortium helps enhance the hydrogenotrophic methanogen population. The amount of inoculum at the start of the experiment is equally critical. In the study conducted by Escapa et al., the authors discovered that the reactor failed to start when residential wastewater of low strength (230 mg COD·L−1) was used as the inoculum [51]. It is said that, with the addition of gas production, the start-up time for a large pilot system might be anywhere between 50 and 90 days. A simple technique to shorten the time it takes to set up a large-scale system is through “pre-acclimatization” of electrodes by applying a beneficial microbe to the electrodes before putting them into the system. Carbon electrodes that were inoculated with hydrogenotrophic bacteria extracted from natural bog sediment and pre-charged with hydrogen-rich water started up faster and produced more methane than those that were not [109].



A significant start-up time can also provide problems if repayment is not completed within a certain time frame. Pre-inoculation of electrodes can give a low-cost option for lowering start-up time, but this method comes with the added benefit of avoiding expensive modifications. Additional research into the best beginning circumstances will increase the technology’s appeal for industrial use, providing the basis for MECs to be commercialized for worldwide wastewater treatment.




7.3. Electrode Material


7.3.1. Anode Material


The anode’s performance is critical for bio-electrochemical systems that rely on bio-electrochemical reactions, which take place at the anode, and which can be replaced by MFCs, MECs, and MEC-ADs. It was established that anode activity is a restrictive component in the overall performance of the system [110]. As an electro-active bacterium (EAB) attaches itself to the bioanode surface, producing a biofilm, it provides the bioanode with energy. As a result of this oxidation by EAB, organic molecules are converted to CO2. Because of their remarkable ability to adhere to EAB, their huge surface area, and their abundance, carbon-based materials have become the most extensively used electrode material [111]. It has been shown that carbon compounds help to increase interfacial microbial colonization and, thus, the production of biofilms. Electrically conductive current collectors of metals are employed as electron acceptors, to overwhelm poor conductivity. Titanium wire is often utilized because of its corrosion resistance [40]. Additionally, the capability to simulate interfacial microbial colonies allows for improved current density by developing a beneficial microenvironment for electron transport that compensates for the decreased conductivity [112]. Graphite is affordable, plentiful, and conductive, and, because of this, it has become one of the most extensively used electrode materials [113]. Graphite electrodes have been implemented in many ways, including brush, granular, rods, felts, and foams [112]. Nevertheless, graphite’s molecular structure and morphology are both planar in comparison to other carbon materials due to its low surface porosity required for bacterial adhesion. Surface area-increasing porous 3D carbon materials, such as carbon brushes, felts, meshes, and foams, have been the focus of recent research [114]. Carbon fiber (CF) electrodes have previously proven to be effective and are currently being used to achieve good outcomes [115]. Carbon nanotubes (CNTs) have incredible electrical, mechanical, biological, and thermal properties, making them ideal for real-time applications. Despite extensive study and application possibilities of carbon nanotubes, many issues such as biodegradability, biotoxicity, and biosafety remain difficult to address and should be addressed with caution prior to design and manufacturing [116]. Anodes of a mesh-like design (i.e., porous, woven, or multilobed) tend to generate greater current densities (more current flows) than flat or plate-shaped anodes because of improved mass transfer, surface area, and biofilm growth. Carbon fiber brushes give excellent test results; however, because of their very expensive cost, they are seldom employed in large-scale BES. Based on an independent study, which used recycled carbon fiber anodes and found that, in comparison to graphite felt anodes, the use of recycled carbon fiber electrodes produced better results while also being cheaper, Carlotta-Janes et al. found that it was possible to improve performance while cutting costs if recycled carbon fiber anodes were used. As there is a considerable portion of the anode in the current model without a biofilm, increasing the surface area of the anode is more likely to result in a greater increase in biofilm density and adherence on the anode. Reduction in anode size will be advantageous for commercial viability since the anode material constitutes about 70% of the whole system, which will need a 90% drop in cost to make it profitable [88]. Additionally, molybdenum anodes showed excellent overall durability, neither corroding nor lowering in current production for over 350 days. Another important consideration is the endurance of the electrode materials. Unfortunately, there are no data on electrode materials’ long-term durability, and most experiments last about 1 year. Material dissipation in electrodes is often underestimated, which may lead to significant issues when determining which materials to utilize commercially. Stainless steel is also good since it has several characteristics which can be utilized [117]. In terms of conductivity and scale-up potential, stainless steel outperforms carbon anodes owing to lower capital expenditures, despite a relatively flat surface, which reduces its biocompatibility. Stainless steel has a high nickel concentration and may efficiently catalyze the HER. Stainless-steel brush cathodes, for example, produced hydrogen at a rate of 1.7 m3·m−3·day−1 and had a cathodic efficiency of 84%, comparable to Pt cathodes in single-chamber MECs. The high Ni content (8–11%) and the large specific surface area were also implicated for the rapid hydrogen generation (810 m2·m−3). Flame spray oxidation improves the biocompatibility of stainless steel by producing an iron oxide coating on the surface, which facilitates the adherence of iron-reducing bacteria and increases surface roughness without sacrificing corrosion resistance [118]. Because stainless steel has yet to be tested on pilot systems, more research into its durability is needed. Cotterill et al. compared a 30 L tank to a 175 L tank to examine how tank capacity influences H2 production. H2 generation was fourfold greater in the small MEC in comparison to the bigger MEC, when the anode surface area was reduced from 1 m2 to 0.06 m2. The larger MEC had a lesser performance, demonstrating a negative relationship between scale and gas output, implying that efficiency decreases as size increases [119]. As part of the commercialization process, a cost–benefit analysis of anode materials must be completed, which considers the material’s availability, corrosion resistance, and capacity to scale up.




7.3.2. Cathode Material


The necessity to create either CH4 or H2 dictates reactions at the cathode, and this is dependent on the need and potential to manufacture and utilize hydrogen or methane on-site. The rate at which H2 is consumed is determined by the amount of methanogenic activity present. The hydrogen will very probably be consumed throughout the reaction if the device is operated as a single chamber without a membrane, and the biogas generated will be in form of CH4 [80]. Temperature has a direct influence on methanogen activity, with temperatures exceeding 35 °C considerably boosting methanogenic activity [120]. Hydrogenotrophic methanogens are more prevalent in MECs where CH4 is produced, according to the study. Hydrogenotrophic methanogens produce CH4 through the intermediate synthesis of H2. The CH4 synthesis route reveals that the cathode material’s hydrogen evolution capacity is a critical design factor. As a result, the cathode serves as both a biocatalyst and an electrocatalyst, enhancing hydrogen evolution reactions (HER) by increasing electrode–microbe electron transfer [121]. The presence of hydrogen-scavenging bacteria in waste streams necessitates the use of membranes if pure hydrogen is required. Multiple investigations have shown that membrane systems can achieve hydrogen purity above 98% [122]. Corrosion resistance, good conductivity, high specific surface area, biocompatibility, and outstanding mechanical qualities are all required of successful cathode materials [123]. Furthermore, cathodic materials must minimize significant hydrogen evolution overpotentials. Cathode fabrication for industrial application must be low-cost, utilizing easily accessible materials and conventional production procedures, for the large-scale deployment to be practicable. Metals have been investigated because they conduct electricity more efficiently than carbon-based materials [124], and they have greater biocompatibility, as well as cathode potential, which prevents corrosion. Platinum has the strongest HER activity, which leads to improved H2 evolution [125]. Platinum, on the other hand, has some disadvantages, including being expensive and having substantial mining environmental effects; as a result, the invention of new metallic electrode materials is required [126]. Stainless steel and nickel have performed well as nonprecious metals [127].



Stainless steel is a typical material for electrode construction because it is a relatively inexpensive metal. When it comes to hydrogen production, stainless steel with a large specific surface area can be as effective as a platinum catalytic electrode containing carbon. Because of its high conductivity as a transient metal, stainless-steel mesh is thought to have outstanding ohmic resistance and electron transport resistance. Meshes and brushes made of stainless steel have a low cost and excellent performance, making them an ideal cathode made of a non-precious metal for further evaluation and scale-up operations. The findings are consistent with the use of meshes and wool in pilot-scale systems to produce a low-cost, high-surface-area cathode with a low cost and large surface area. Nickel, like other non-platinum metals, has high corrosion resistance, as well as high hermetic electron transfer activity. Nickel is also more corrosion-resistant than stainless steel, which is important for an electrode because it must be long-lasting in order to be commercially viable. Hydrogenotrophic methanogens play a role in the enhanced performance, implying that nickel’s high HER activity relative to other materials helps it perform better [128]. HER activity must be a key focus of study to maximize the efficiency of cathodes. Stainless steel is now commonly used. Due to its availability, a pilot study has shown it to be the ideal cathode material for scale-up. Cost and machinability are two factors to consider. On a pilot scale, a comparison was made between nickel and stainless steel. It would be wise to experiment with nickel cathodes to determine if the improved performance justifies the additional expense. Various cathode materials are described in Table 3.





7.4. Effect of Electrolyte pH


Because the HER at the cathode depends on electrolyte pH and has the most crucial impact on overall performance of MECs. High overpotentials can occur owing to a difference in redox potentials between anode and cathode chambers; it was observed that more cation instead of proton percolates through the cation-exchange membrane. Consequently, the cathode becomes alkaline while the anode becomes acidic. Theoretically, 59 mV of voltage loss is incurred due to a difference in pH level of 1 between the anode and cathode. Microbial activities are pH-dependent; microbes are highly sensitive to surrounding pH, and its variability may cause modifications in microbial respiration and, consequently, extracellular electron transfer. In fact, because microbes are mostly active at neutral pH, most MEC studies are conducted at pH 7. Moreover, many other parameters (ion transfer, conductivity, substrate oxidation, etc.) are directly or indirectly associated with pH. Researchers have reported that low cathode and high anode pH improved hydrogen production [129,130,131]. Protons accumulate under high pH, thereby increasing the electrogen proliferation due to conducive environment. Research suggests that periodic polarity reversal can be used to stabilize pH in two-chambered MECs [132]. An electrolyte, including a weak acid, operates as an electric charge at high pH, increasing MEC characteristics, and the deprotonation process may increase the conductivity of the electrolyte while lowering the impedance between the anode and cathode. However, we must evaluate the possible impacts of weak acid catalysis and solution resistance for a lower pH electrolyte to determine whether the reactor can function more effectively. However, certain experimental findings revealed that the presence of phosphate species and some weak electrolyte acids, as a charge carrier for improving conductivity, had a beneficial impact on a stainless-steel brush cathode and also reduced the Pt/C cathode’s overpotential. Merrill et al. [133] found that lowering the pH improves MEC performance by lowering solution resistance and cathode overpotential. Munoz et al. [134] found that using phosphate as an electrolyte may increase the rate of hydrogen generation and current density in MECs. Yossan et al. [135] investigated five kinds of catholytes in MECs, namely, deionized water, tap water, NaCl solution, acidified water, and a phosphate buffer. Due to its greater buffer capacity, a 100 mM phosphate catholyte in a MEC exhibited the best rate of hydrogen generation. As a result, phosphate is the most often utilized electrolyte in MECs.




7.5. Temperature


Temperature is a key element in MECs that affects their function because it improves exoelectrogen selectivity and production. Most microbes prefer an optimum temperature range of 35–40 °C for growth, enzyme activity, and the development of a durable biofilm, which increases substrate degradation, mass transfer, and power generation. According to the COD removal efficiency and microbe loading at the anode, Omidi et al. reported that 31 °C is the most efficient operating temperature for MECs [136]. As a result, the test temperature of an MEC is typically kept at about 30 °C. Lu et al., on the other hand, demonstrated that utilizing a single-chambered MEC produces hydrogen at low temperatures such as 4 °C, while simultaneously reducing the generation of methane [137]. Additionally, the anode biofilm and hydrodynamic force both impact hydrogen generation in MECs [138], with the hydrodynamic force having a larger effect on hydrogen production than the anode biofilm [139]. Furthermore, by placing two anodes on each side of the cathode, additional hydrogen may be generated.




7.6. Applied Potentials


As explained in the above sections, a minimum of 0.2 V is required to break the thermodynamic barrier for feasibly producing hydrogen at the MEC cathode. Large cathodic overpotentials reduce the efficiency of the overall process. Even though hydrogen evolution increases with increasing applied potential [140], optimum potential ranging from 0.2–0.8 V must be applied for achieving process scalability [141]. Researchers have reported that varying applied potential can decrease cell metabolism and increase cell lysis [142].





8. Bottlenecks in Commercialization of MECs for Biogas Production during Wastewater Treatment


It is essential to understand the functioning of MECs on a large scale for wastewater treatment. This also poses a barrier in adopting MECs owing to the little understanding of these systems. More modest frameworks produce high energy yield per volume when standardized. For metropolitan wastewater, the benchtop investigation produced standardized net energy of 25.96 kWh·m−3·day−1 [88]. On the other hand, a pilot-scale framework produced standardized net energy of 0.11 kWh·m−3·day−1. This demonstrates that energy creation cannot be accurately scaled, and that proficiency decreases as the size of the system increases. The net energy of a 1000 L pilot-scale framework with a cathodic surface area of 18.1 m2·m−3 was determined to be 2.11 kWh·m−3·day−1 for vineyard wastewater [80]. One obstruction is the trouble of precisely contrasting the various arrangements in the examination. The reactor size is just a single boundary and does not give a genuine portrayal of the framework’s versatility.
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Table 3. Different cathode materials along with catalysts used in MECs.
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Cathode Material

	
Catalyst

	
Id

	
Q (m3·m−3·day−1)

	
Eapp (v)

	
References






	
Activated carbon

	
Nitrogen

	
NA

	
0.0060 (m3·m−2)

	
0.8 kWh·m−3

	
[143]




	
Stainless steel

	
Nickel oxide

	
NA

	
0.76

	
0.6 kWh·m−3

	
[49]




	
Molybdenum disulfide

	
10.7 Am−2

	
NA

	
NA

	
[144]




	
Carbon cloth

	
Nickel/molybdenum

	
2.1 Am−2

	
1.25

	
0.6 kWh·m−3

	
[145]




	
Molybdenum disulfide/carbon nanotubes

	
NA

	
0.01

	
0.8 kWh·m−3

	
[146]




	
Nickel powder

	
NA

	
1.2

	
0.6 kWh·m−3

	
[69]




	
Nickel-tungsten

	
200 Am−2

	
1.5

	

	
[66]




	
Carbon paper

	
Nickel powder

	
NA

	
2.6 (L·m−3·day)

	
1.0 kWh·m−3

	
[147]




	
Nano-Mg (OH)2/graphene

	
18.3 Am−2

	
0.63

	
0.7 kWh·m−3

	
[148]




	
Palladium nanoparticles

	
NA

	
2.6

	
0.6 kWh·m−3

	
[149]




	
Nickel foam

	

	
22.8 Am−2

	
50

	
1.0 kWh·m−3

	
[105]




	
Nickel/phosphorous

	
NA

	
2.29

	
0.9 kWh·m−3

	
[150]




	
Nickel/molybdenum

	
NA

	
0.13

	
0.6 kWh·m−3

	
[151]




	
Nickel/tungsten

	

	
0.14

	

	
[152]




	
Graphene

	
NA

	
1.31

	
0.8 kWh·m−3

	
[153]




	
Nickel/iron layered double hydroxide

	
197 Am−2

	
2.12

	
0.8 kWh·m−3

	
[154]




	
Gas diffusion electrode

	
Nickel powder

	
4.6 Am−2

	
5.4

	
1.0 kWh·m−3

	
[155]









8.1. Economic and Cost Analysis


The confirmation that innovation is financially viable for a large scope and has productivity that is virtually identical to or better than other arrangements accessible is critical to the passage of innovation from the lab to the field. Performing techno-economic and life-cycle assessments is important for progressing innovation used in the financial analysis of energy advancements to identify and evaluate operating and capital expenditures (OPEX and CAPEX) over their entire life cycle. The yield considers financial aid evaluators and levelized cost of energy objectives, such as investment return and net present value. To analyze the natural influence, the LCCA appraisal must be conducted similarly to the life-cycle assessment, with the same assumptions. MECs will benefit from using these projections since they will be better able to comprehend future costs, execution procedures, and risk factors [156]. When we say CAPEX, we are referring to the expenditure of performance; however, when we say OPEX, we are referring to the operational expense throughout the performance. Even though simple arrangements have a low CAPEX, they may be wasteful and require additional support, resulting in a higher OPEX than more complex arrangements. As a result, while evaluating the complete LCCA of innovations, it is necessary to consider both the CAPEX and the OPEX costs. Furthermore, when considering the profit from the venture from the energy produced, a high CAPEX might be acceptable in innovation such as MEC-AD for wastewater treatment, where energy is given [157].



In the ebb and flow UK market, 1 kWh of electrical expense is equivalent to £0.144, and, as a result, the price of treating 1 m3 of metropolitan wastewater is equivalent to £0.072 per kWh of electricity. As a result, for every 1 kg of COD neutralized, activated sludge treatment produces 0.4 kg of sludge, necessitating extra processing, which is often done using AD in order to recover a fraction of the energy [157]. MECs, on the other hand, can both reduce COD and generate energy. MECs currently require a significant amount of CAPEX to be implemented and are several times more costly (248-fold) than activated sludge frameworks [88].



According to the results of an analysis, the overall cost of the MEC framework was around £2344·m−3. In aspects of toxicity, MEC was evaluated by comparing to activated sludge. Although the MEC CAPEX was twice that of the active sludge, the consumption of energy was 10-fold lower [88]. Because of the potential for MECs to generate bioenergy, they can be either energy-neutral or energy-positive, whereas activated sludge is the most energy-concentrated of the currently available wastewater treatment techniques, according to the EPA [82,83]. Generally speaking, the expenses of MECs need to decrease by 84% to £375·m−3 [158].



The positive cash flows generated at 2020 pricing (£15,000·year−1) (Figure 8) had a small influence on the net present value (NPV) under scenario 1 (a doubling of current yields to 30 L·m−3) due to the cost of materials (assuming current performances). MEC capital expenses are projected to exceed their revenue from hydrogen production, as a result. For the baseline scenario (0) to be economically viable, either hydrogen prices must be raised to £5.09·kg−1 (higher than the EU’s target of £3.55 by 2020 and £2.66 by 2030) or yields must be increased from 15 L·m−3 to 21.5 L·m−3 by 2020 and 28.7 L·m−3 by 2030 (increases of 43% and 91%, respectively). Due to the relatively high cathodic efficiencies, it will be necessary to raise Coulombic efficiencies and the organic loading rate (OLR) in order to improve yields. Although hydrogen must be sold at a loss in order to be competitive with other sources of energy, power costs in MECs are negligible when compared to those of activated sludge (AS) [88].




8.2. Scale-Up Strategies


An exploration was directed in which a pilot-scale MEC took care of winery wastewater utilizing different stacked modules and discovered that there was equivalent execution across every one of the 24 modules that were practically identical to the limited lab-scale test. It was tracked down that weak electric association among modules brought about considerable ohmic misfortunes, bringing about various flow densities among modules, featuring the need to utilize great arrangements among modules [80]. Although less expensive than utilizing large tanks, this methodology can be significantly more expensive than doing so because as many materials are needed to transport the numerous modules. This increases the CAPEX of the framework and serves as an obstacle to the commercialization of the product. Another examination distinguished that, while considering a piled strategy for the increase of hydrogen-generating MECs, the partition film between the anode and cathode poses a huge hindrance. The investigation tracked down that high internal resistance inside the cell is brought about by the sluggish development of electrons over the membrane layer. Moreover, because membranes are costly, using a large number of films could increase the cost of the framework, creating a significant barrier to commercialization. This shows that frameworks devoid of membranes might be effectively versatile.



The technique for arranging modest cells in series is equivalently less reported; numerous little vessels masterminded in series against one bigger tank implies that the framework can exploit improved blending, strong maintenance, diminished ohmic misfortunes, and enhanced microbial consortium separation over the treatment cycle. Large, permanent treatment vessels are frequently used in conventional wastewater treatment frameworks, and their treatment capacity is frequently restricted. Organizing reactor vessels in succession allows sediments to settle throughout the framework, reducing strong maintenance duration and developing microenvironments inside the framework based on the number of organics in each vessel [159]. A higher concentration of larger, undigested organics will typically be found in tanks toward the beginning of a series rather than tanks at the end of a series. Microbial colonies form in response to these specific conditions, just as they do in response to fluctuations in distributed oxygen, pH, volatile substances, and unsaturated fatty acids [160].



Pilot-Scale Limitations


MEC technology is at the technological readiness level (TRL) 5, which indicates that the system is being evaluated in a particular context. Instead of focusing solely on illustrating the result, future research should seek to standardize it. According to the literature study of the various pilot projects, there are two major areas where MECs must improve in order to become a viable wastewater treatment technology. It would be critical to achieve the target volumetric treatment rates at the beginning of this process in order to determine the feasibility of this strategy. Existing research suggests that increasing the rate at which organic materials are loaded into the system can improve this volumetric technique. This can be performed by either increasing the intensity of the wastewater or increasing the flow rate of the wastewater. Any of these modifications would increase the rate at which organics are distributed into the reactor within the wastewater, which in turn would increase the rate at which organics are removed from the wastewater. By fully appreciating and optimizing this mass transfer, it is able to design the optimal reactor length for the given flow rate while also accurately predicting the costs. Furthermore, the issue of scale is a significant concern [161]. The highest MEC recorded so far was 1000 L, achieved with a hydraulic retention time of 1 day. When it comes to wastewater treatment activities, it is far from the scale that is required. Therefore, several BESs have been built with compact electrodes, numerous units of which can be mounted in any established tank. This is crucial because it allows for treatment in urban environments with a small land footprint to be achieved with these current tanks because of their depth. The design of an electrode that can stretch to a depth of 3 m would have to take into account the influence of hydrostatic pressure on the development of the biofilm, the output, and the structural integrity of the electrode itself. It would, therefore, be necessary to cope with the advancements in the kinetic and thermodynamic features of biological and electrochemical mechanisms that have occurred throughout time. More research is required to investigate the most recent reactor designs that keep the same land footprint as existing properties, which is currently lacking [162].





8.3. Investigation of Methane and Hydrogen Generation and Its Implications for Industrial Application


Purified hydrogen can be utilized as an important asset for fuel and assembling different synthetic substances. Because hydrogen has a greater energy content than methane, it has the potential to improve the efficiency of hydrogen generation in comparison to methane. MECs for the evolution of hydrogen consist of a double-chamber reactor with a film placed at the cathode to prevent hydrogenotrophic methanogenesis from occurring, thereby improving the framework’s cost, and complications will only increase their expense and complexity [161]. In typical wastewaters, a rich source of microorganisms is present, rendering the cathode susceptible to biofouling, which could require replacement of the cathode, thus increasing the costs [88]. Hydrogen likewise requires modern storage spaces and handling hardware. On account of the on-site production of energy, the worth of methane and hydrogen will decrease to the levelized cost of energy (LCOE) and levelized cost of heat (LCOH) produced and used. There are broad foundations and equipment to preserve and change methane into electrical and nuclear power. A pilot-scale framework was developed to provide methane while also generating a significant amount of net energy [80]. In comparison, the standardized net energy announced for a hydrogen-delivery MEC was 76.2 kWh·m−3·day−1 at 98% purity, which is higher than the previous estimate [127].



The gas storage foundation additionally assumes a critical part in the business reasonability of utilizing MECs for energy production. It has been recommended that MECs can be combined with inexhaustible resources [162]. Renewable energy provides the MEC with the ability to generate gas, which can be used as a kind of energy storage. Compared to hydrogen, methane has a greater energy thickness when it comes to barometrical pressing factors. In addition to its increased energy thickness and greater atomic size, methane’s increased practicability makes it the most feasible candidate for non-compressed energy storage. Biogas generated by AD is of low quality and difficult to store, with storage energy accounting for only 10% of the total energy produced [163]. MEC-ADs generate biogas of good quality with CH4 content coming to 86% ± 6% [80], featuring the upside of MEC-ADs over AD frameworks with respect to energy storage capacity. MEC-ADs designed to generate methane can contend with AD innovation; however, this is generally neglected on a wide scale owing to expenses. In contrast to the generation of power from hydrogen, there are various innovations that can use biogas straightforwardly with responding motors, microturbines, energy units, gas turbines, steam turbines, and consolidated cycle frameworks. Moreover, biogas can be converted into biomethane, which can then be infused into the matrix [163]. Lastly, when compared to the development of methane storage and conversion innovation, the development of hydrogen storage and conversion innovation is less advanced.



Hydrogen Production Technology and Inventory


The production of hydrogen is primarily accomplished through two methods: steam methane reforming (SMR) of natural gas and electrolysis of water. Recently, there has been increased interest in hydrogen production from biomass resources. This is due to the large amount of biomass waste generated by various industrial and agricultural activities, which has the potential to be converted into useful energy in a very short period of time. A further interesting alternative for hydrogen production from renewable resources is high-temperature electrolysis (HTE) by solid oxide electrolysis cells (SOECs). These are the hydrogen production techniques that were investigated in this study, together with their inventories, which are summarized and provided in Table 4. In the literature, you can find a thorough overview of each of the different H2 technologies [164]. Although many key input parameters have been changed in this study, several of the underlying assumptions used in the analysis are still based on the default assumptions of the sub-models used for inventory data (the hydrogen production analysis models—H2A and the GREET model) and the Eco-invent. The emphasis of this study was on the unit-operational level, and, for the sake of simplicity, only the major unit (i.e., electrolyzer, industrial reformer, furnace) for each unit source was reconstructed utilizing generic data from the Eco-invent database for the manufacturing infrastructure. Because of the lack of data availability, several secondary systems were ruled out. It is widely acknowledged that such stages have minor consequences if they are spread out over the course of their operating lifespan [165]. Several different system configurations were simulated in order to test the sensitivity of the findings.






9. Integrated MEC Systems


MECs have been shown to be viable options for dealing with the issue of wastewater treatment while also producing hydrogen. However, there have been certain challenges in commercializing these MEC technologies. Thus, combining new technologies with traditional ones may be used to overcome the thermodynamic limits, as well as material prices, methanogens, substrate concentration, and other issues that MES faces on its own. The performance of several integrated systems is highlighted in Table 5. Various patents based on integrated MEC technology are described in Table 6.




10. Comparison between MEC Technology and Water Electrolysis


When compared to water electrolysis, the primary advantage of MECs is that they do not produce oxygen [181,182,183,184], which is regarded to be a part of the process safety; this process safety asset is essential when producing pressurized hydrogen, such as during water electrolysis, because, when producing pressurized hydrogen at high pressure, there is an increased risk of hydrogen crossover at the anode compartment [163]. A further advantage of MECs is that the anode produces chlorine at a very low potential, eliminating the need for the electrolyte to be dissociated from chlorine, which is required for water electrolysis. This is another advantage of MECs [185,186]. MECs have another operational parameter, which is pH. The pH of the electrolyte is neutral, although many microbial biofilms do not tolerate extremes in pH [183]. Furthermore, the neutral pH offers the additional process safety benefit of allowing electrolytes to be handled without the need for severe safeguards. When disposing of and replacing a phosphate buffer with neutral pH, it is much simpler than when disposing of and replacing pH 14 potassium hydroxide, which is used in water electrolysis [184,185,186].



Comparison in Terms of Theoretical Energy Yields


MECs are also more efficient than water electrolysis in terms of energy generation, and two different sources of energy must be considered, with electricity being the most prominent of the two. The reaction in MECs that produces hydrogen consumes a significantly lower amount of energy than water electrolysis, resulting in lower power consumption. It is an endothermic reaction that requires heat in order for the reaction to occur at equilibrium cell voltage. The energy yields from multichannel electrolysis cells (MECs) are up to 10–11.3 γG greater based on MEC configurations.



Chemical energy is the other source of energy, and it is obtained when the oxidation of various compounds present at the anode is completed. During the side production of methane, the energy yield for G, including hydrogen generation, decreased below 10; nevertheless, the thermal energy yield for both increased to 12 YH. This yield demonstrates that hydrogen produced by MECs can store up to 10 times the electrical energy in the form of Gibbs free energy [187]. Table 7 lists the characteristics of some of these pilot studies including electrical and thermal energy yields.





11. Conclusions


To summarize, the development of MEC technology has shown positive results, primarily by lowering the total cost of wastewater treatment and energy generation. Simultaneously, it delivers a significant advantage via the creation of value-added fuels such as hydrogen. Furthermore, MEC technology is still in its early stage, since it faces several obstacles such as mass transfer restrictions, energy loss, and other issues that must be thoroughly investigated on a pilot and industrial scale utilizing real-world wastewaters. However, when it comes to the actual applications of MEC technology, it should be noted that establishing unique configurations in both anode and cathode structural design, as well as membrane structural design, should be given top priority to maximize the technology’s cost-effectiveness. However, in recent years, reports have emerged that the technology’s prospects are promising, as seen by the successful construction of many pilot-scale MEC reactors, indicating that the first commercial encounter with the technology is on the way. There is a significant gap between the literature results and the reality of scalable research, and the real challenge today is now to study the credibility of pilot-scale studies. Moreover, there is no comparative analysis of the cost estimation with respect to conventional technologies and MEC, which could help in the commercialization. The obstacles to bringing this technology forward from TRL 5 are not only technological but are also connected to innovation policy incentives. The stringent regulatory efficiency restrictions and the profitability of water utilities do not support developments in systems that are unlikely to satisfy these standards immediately.



Biofuels and bioenergy are being developed using this approach, which has been proposed as a means of transforming electrical energy from renewable energy sources such as solar and wind into biofuels and bioenergy. As a result, the development of integrated MECs with hydrolysis has the potential to increase the rate of breakdown of nonbiodegradable complex organics and, as a result, improve the overall efficiency of production.
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Figure 1. Schematic representation of direct photolysis for hydrogen production. 
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Figure 2. Diagrammatic representation of dark and photo fermentation (hybrid process). 
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Figure 3. Chronological development of microbial electrolysis cell (MEC) technology [42,47,48,49,50,51,52,53,54,55,56,57]. 
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Figure 4. Schematic representation of a single-chambered microbial electrolysis cell. 
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Figure 5. A cathode-on-top type of microbial dual-chambered reactor. 
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Figure 6. Schematic representation of a dual-chambered microbial electrolysis cell. 
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Figure 7. (A) Top and front view of graphite brush anode used in the microbial electrolysis cell; (B) microbial electrolysis cell. 






Figure 7. (A) Top and front view of graphite brush anode used in the microbial electrolysis cell; (B) microbial electrolysis cell.



[image: Sustainability 13 08796 g007a][image: Sustainability 13 08796 g007b]







[image: Sustainability 13 08796 g008 550] 





Figure 8. Cost–performance ratio curves for eight scenarios of a financially competitive MEC. Scenario 0: baseline MEC model; Scenario 1—double hydrogen yield; Scenario 2—applied voltage reduced to 0.6 V; Scenario 3—energy price changes; Scenario 4—anode and current collector value returned after 20 years; Scenario 5—membrane replaced annually; Scenario 6—membrane and cathode replaced annually; Scenario 7—additional staff member required; Limit 1—capital cost of reactor minus the anode; Limit 2—capital cost of reactor minus the anode and current collector (adapted from Aiken et al. [88]). 
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Table 2. Performance of MEC configurations using different substrates.
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	Substrate Type
	MEC Specification
	Applied Voltage (V)
	Hydrogen Production Rate

(m3·m−3·day−1)
	Reference





	Acetate
	Two-chamber MEC
	0.45
	0.37
	[47]



	Acetate
	Two-chamber MEC
	0.5
	0.02
	[102]



	Domestic wastewater
	Bioelectrochemically assisted microbial reactor
	0.5
	0.01
	[103]



	Acetate
	Modified MFC
	0.6
	1.1
	[104]



	Acetate
	Single-chamber membrane-free MEC
	0.6
	0.69
	[64]



	Acetate
	Single-chamber membrane-free MEC
	0.8
	3.12
	[81]



	Acetate
	Single-chamber MEC with anion-exchange membrane
	1.0
	0.3
	[71]



	Acetate
	Two-chamber MEC
	1
	50
	[105]



	Glycerol
	Two-chamber MEC
	0.9
	3.9
	



	Municipal solid waste
	Single-chamber MEC
	3.0
	0.38 ± 0.09
	[106]



	Glycerol, milk, starch
	Single-chamber MEC
	0.8
	0.94
	[94]



	Palm oil mill effluent
	Single-chamber MEC
	0.1–0.8
	205 mL H2·g COD−1
	[107]
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Table 4. Resources required to produce 1 kg of H2 from different production technologies and pathways [166].
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Type

	
Conversion Pathway

	
Electricity

(kWh·kg−1 H2)

	
Water

(kg·kg−1 H2)

	
Ammonia

(kg·kg−1 H2)

	
Glucose

(kg·kg−1 H2)

	
Corn Liquor

(kg·kg−1 H2)






	
Thermo-chemical

	
Steam methane reforming (SMR)

	
1.11

	
21.869

	
-

	
-

	
-




	
Biomass gasification (BMG)

	
0.98

	
305.5

	
-

	
-

	
-




	
Coal gasification (CG)

	
1.72

	
2.91

	
-

	
-

	
-




	
Biological

	
Dark fermentation + microbial electrolysis cell (MEC), without ER

	
21.6

	
104.225

	
0.102

	
0.335

	
0.008




	
Dark fermentation + microbial electrolysis cell (MEC), with ER

	
6.03




	
Dark fermentation + microbial electrolysis cell (MEC), with H2 recovery

	
21.6
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Table 5. Current integrated MEC configurations.
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Type of Integration

	
Applied Voltage

	
Type of Reactor

	
Substrate

	
Hydrogen Production

	
Ref.






	
MEC-AD

	
−0.2 V

	
Dual-chamber

	
AD effluent

	
1.7 ± 0.2 L H2·L−1·day−1

	
[167]




	
1.2V

	
Single-chamber

	
Fermentation sludge

	
0.16 m3 H2·m−3·day−1

	
[168]




	
−0.2 V

	
Single-chamber

	
Food waste

	
3.48 L H2·L−1·day−1

	
[169]




	
MEC/pyrolysis

	
Batch mode: 0.8 V

	
Dual-chamber

	
Pyrolyzed biomass effluent

	
2.5 L H2·L−1·day−1

	
[170]




	
Continuous mode: 0.96 V

	
Dual-chamber

	
Aqueous phase of bio-oil

	
4.3 L H2·L−1·day−1




	
MEC/dark fermentation

	
0.8 V

	
Single-chamber

	
DF effluent

	
100 mL H2·g COD−1

	
[171]




	
700 mL H2·g COD−1




	
200 mV

	
Dual-chamber

	
Fruit juice wastewater

	
1609 mL H2·g COD−1

	
[172]




	
550 mV

	
Single chamber

	
DF effluent

	
81 mL H2·L−1·day−1

	
[173]




	

	
0.6 V

	
Single-chamber

	
Cassava starch processing wastewater

	
465 mL H2·g COD−1

	
[174]




	
MEC/MFC/dark fermentation

	
0.2 V

	
Single-chamber

	
Cellulose

	
0.24 m3 H2·m−3·day−1

	
[175]
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Table 6. Various patents associated with integrated MEC technology.
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	Patent ID.
	Description
	Reference





	KR101575790B1
	Using a bioelectrochemical device, the present invention pertains to an apparatus and a method for boosting the efficiency of an anaerobic digestion tank used for treating waste water or slurry-type waste with a high content of organic materials. In the anaerobic digestion tank, an electrode device is installed that consists of electrode modules that contain an oxidation electrode and a reduction electrode on which microorganisms with electric activity cling and develop and are integrally joined to have a separation membrane therebetween.
	[176]



	CN201416000Y
	Electrolysis is used to enhance the fermentation for hydrogen production in experimental installation. The utility model belongs to the biomass ferment hydrogen production device.
	[177]



	CN211339214U
	For landfill leachate treatment, a microbial electrolysis cell/membrane bioreactor combination device is used. The utility model is for a microbial electrolysis cell/membrane bioreactor combination treatment device for treating landfill leachate in the field of wastewater treatment.
	[178]



	US20140285007A1
	A power management unit (PMU) is used in various versions of the invention to control the production of hydrogen and electricity for external usage in an MFC/MEC coupled system. A PWM controller and low-voltage electronic switches using MOSFETs are included in one embodiment of the PMU. The PWM controller generates the necessary timing waveform to drive the switches. In other instances, the switches can be replaced with any switching regulator capable of producing high efficiency at low operating voltages and currents. A wastewater treatment plant might use such a technology.
	[179]



	CN104141147B
	Microbiological fuel cell with self-driven microorganism electrolysis cell for hydrogen production and storage. The current invention relates to a method for reclaiming elemental mercury by using a microbiological fuel cell made from industrial effluent containing Hg2+. The method for hydrogen storage is driven microbial electrolysis cell hydrogen synthesis.
	[180]
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Table 7. Characteristics of MEC pilot studies (volume, ionic conductivity, methane, and hydrogen production rates) with final electrical (γG) and thermal (γH) energy yields.
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	Anolyte
	Volume

(L)
	Current Density

(A·m−2)
	CH4

(L·day−1·m−2)
	H2

(L·day−1·m−2)
	γG
	γH
	Ref.





	Wastewater acetate
	120
	0.3
	0.06
	3.6
	0.69
	-
	[82,83]



	Sewage sludge
	33
	0.01
	0.28
	0
	-
	6.45
	[188]



	Synthetic wastewater
	30
	0.78
	-
	-
	-
	-
	[189]



	Synthetic, acetate, saline
	4
	42.5
	Very less
	102
	0.37
	-
	[85]



	Sucrose, wastewater
	18
	0.1
	0.82
	0.45
	0.69
	5.55
	[190]



	Wastewater effluent
	16
	0.72
	-
	-
	-
	-
	[186]



	Acetate, pig slurry
	16
	1.75
	<2
	17.8
	1.25
	1.5
	[189]



	Wastewater
	130
	0.3
	<5
	2.52
	1.03
	1.24
	[84]
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