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Abstract From the first electromicrobial experiment to a sophisticated microbial

electrochemical process – it all takes place in a reactor. Whereas the reactor design

and materials used strongly influence the obtained results, there are no common

platforms for MES reactors. This is a critical convention gap, as cross-comparison

and benchmarking among MES as well as MES vs. conventional biotechnological

processes is needed. Only knowledge driven engineering of MES reactors will pave

the way to application and commercialization. In this chapter we first assess the

requirements on reactors to be used for bioelectrochemical systems as well as

potential losses caused by the reactor design. Subsequently, we compile the main

types and designs of reactors used for MES so far, starting from simple H-cells to

stirred tank reactors. We conclude with a discussion on the weaknesses and

strengths of the existing types of reactors for bioelectrochemical systems that are

scored on design criteria and draw conclusions for the future engineering of MES

reactors.
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1 Introduction

1.1 Reactors in Electrobiotechnology

The positive effects of electrical currents on glutamic acid fermentation have been

described since the late 1970s [1]. Several electrochemically influenced biosyn-

theses and applications thereof followed in the literature, with an entire research

field developing around these bioelectrochemical systems [2–4]. The early studies
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developed and exploited basic experimental setups that can be regarded as the first

bioelectrochemical systems [1, 2]. These reactors were made of two glass bottles,

each forming an electrochemical half-cell hosting the anode and cathode, respec-

tively. The bottles were merged with a glass connection in an H-shape, leading to

the name “H-shaped cells” or “H-cells” [1]. In this connection, a membrane was

often used to separate the electrolytes of the two electrochemical half cells while

maintaining an ionic connection. This kind of reactor is still used in basic

electrobiotechnology studies [5]. However, the field has advanced, with several

different enzymatic and microbial processes for bioelectrosynthesis [6–8] having

been developed. Consequently, generic and versatile reactors that can be used in the

study and engineering of different processes, as well as reactors tailored toward a

specific process, are needed. Importantly, these reactors have to fulfill both micro-

bial and electrochemical demands at the same time, which means there will always

be a trade-off. Among other parameters, the preferred reactor designs strongly

depend on the used substrates (gaseous vs. dissolved compounds), products, and

required downstream processing (gaseous vs. dissolved compounds, membrane

separation vs. thermal or other processes) and include membrane and

membraneless approaches [9]. Furthermore, many research groups are investigat-

ing bioelectrochemical systems with their own individual reactor designs, which

often are constructed around the need for cheap, easy, and fast solutions. Thus,

highly diverse and nonoptimized reactors can be found in the literature.

This chapter discusses the reactors used for microbial and enzymatic

electrosynthesis and highlights basic considerations for their future engineering.

Special electrode configurations and materials, such as fluidized bed reactors, are

extensively discussed in Chap. 7 [10]. For microbial electrosynthesis (MES), the

majority of reactors to date, especially microbial electrolysis cells (MECs), are

based on designs derived from microbial fuel cells (MFCs) – a generally well-

studied and well-reviewed research field, as discussed elsewhere [11, 12]. These

designs, however, are derived from electrochemistry; thus, biotechnological

requirements (e.g. working with pure cultures under sterile conditions) are usually

not considered. In this chapter, we discuss reactor designs for MEC aiming at

hydrogen or methane production, or MES [3, 13].

One of the biggest challenges in advancing the field of MES is the scalability and

comparability of different studies [5, 14]. Important factors for the scale-up of

MFCs and MECs, with special emphasis on considerations for cheap materials with

good performance, were extensively reviewed elsewhere [11, 15–19]. In this

chapter, a broad variety of reactor types is discussed and scored by design and

performance, which can be assessed either from an engineering or scientific per-

spective. Indeed, some reactor types are ideally suited for laboratory-scale testing

(e.g. of strict anaerobic bacteria) but are unsuited for engineered settings.

A quantitative comparison of the results of the studies and the reactor setups is

often impossible. This can be attributed to differences in the studies, their objec-

tives, reactor designs, missing parameters, and different calculations used, despite

several seminal works being available that describe the required datasets [5, 12,

20]. In the next section of this chapter, we discuss reactor specifications and
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parameters, which should be stated and discussed in any study of microbial

electrochemical technologies.

1.2 General Characterization of the Systems

When characterizing industrial bioproduction processes, key parameters include

yields and rates. Consequently, the reactors used for realizing these processes

should allow the study and subsequent engineering of these parameters toward

optimization. This also holds true for reactors in electrobiotechnology. Besides the

substrates of carbon and nitrogen, among others, that are common for all

bioprocesses, electrons are also key reactants in electrobiotechnology. Electrons

are added to (via reduction at the cathode) or withdrawn from (via oxidation at the

anode) the reactor broth; in this sense, parameters such as product yield per electron

and/or cell yield per electron (see Table 1) should be considered [21]. The electron

transfer can be achieved by several mechanisms (see [22, 23]), but it always

depends on an electrode facing the reactor liquid. Consequently, this need to

interface the electrode(s) and liquid, as well as separate the anode and cathode

chamber, creates the hybrid character of bioelectrochemical systems. These sys-

tems have to combine the needs of conventional bioreactors with the qualities of an

electrochemical reactor. Thereby, depending on the specific process (e.g. if

electroactive planktonic cultures or electrodes for biofilms are used), electrode

engineering (see [7]) and reactor engineering for MES are additional challenges.

For microbial electrosyntheses based on mediated electron transfer, reactors with

improved mass-transfer regimes are required. Hence, because no reactors for

bioelectrochemical systems are currently available off the shelf and no gold stan-

dard yet exists, a plethora of different materials and geometries thereof have been

used to build reactors for bioelectrochemical systems. To date, these reactors are

usually used in one specific study and in one laboratory (see [8, 24]). As a

consequence, only limited comparisons can be made between studies and reactors.

This also holds true when one aims to benchmark MES with microbial synthesis,

without involving electrons as reactants.

To overcome these obstacles, the standardization of data representation is

emphasized in different publications [20, 25] and will pave the way for systematic

assessment of MES. An overview on the important parameters for the fields of

bioelectrochemistry, reactor engineering, electrochemistry, biotechnology, and

biofilm characterization are given in Table 1. Reactor design parameters are

especially underrepresented in the literature; they can be reported with dimension-

less numbers, like the Reynolds number or Newton number, which are highly useful

to describe the flow field or mixing environment.

Of all described parameters, we want to draw special attention to coulombic

efficiency, which is often calculated in studies; however, its definition may vary

depending on the perspective of the authors. Therefore, it is very important to

thoroughly describe the math so that no doubts regarding comparisons between
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studies arise. Furthermore, coulombic efficiency calculations can be biased by a

simple and common experimental error: the addition of a chemically indeterminate

compound (or mixtures of compounds), such as yeast extract or meat hydrolysate,

to the defined growth medium, which can potentially serve as a carbon source. A

simple way to overcome this problem is to use the measurement of chemical

oxygen demand as the total carbon equivalent [12] for the coulombic efficiency

calculation.

In knowledge-driven engineering, we believe that an advanced modelling of

processes across scales ranging from liquid dynamics to microbial extracellular

electron transfer is needed (see also [26]). Therefore, future studies proposing scale-

up factors for electrobiotechnological processes are warranted [25].

1.3 What Drives Reactor Efficiency?

The reactors used in bioelectrochemical systems are hybrids. They encompass

aspects of fluid-based reactions and surface reactions in addition to electrochemical

constraints, such as the need to minimize the distance between reaction centers. In

bioelectrochemistry, which typically relies on enzymatic electrode reactions, a

complex interplay between biological moieties, electrodes, and the educts are

needed for the success of a reaction. The interplay between electrodes and biology

is described in [6, 7]. For example, the substrate availability at a certain location on

electrodes is controlled by reactor design parameters; the likelihood that the

reaction takes place there depends on where that location is relative to the counter

electrode. Therefore, the closer a point is to the counter electrode, the lower the

internal resistance is at that point.

Essentially, concerning the design parameters of a reactor, the deviation of a

bioelectrochemical system from the ideal conditions is defined by three main

aspects, which are determined by the reactor design:

1. Ohmic loss

2. Concentration polarization

3. Electrode overpotentials

In the following sections, we discuss these key aspects in detail.

1.3.1 Ohmic Losses

Because electrical current is generated or used in all bioelectrochemical systems, an

effective reactor has to be designed to minimize ohmic losses. Therefore, three

main aspects can be considered: current collection at the electrodes, high electrolyte

conductivity, and a small distance between the anode and cathode.
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The ohmic resistance of the electrodes and current collector is often neglected in

small-scale setups. However, it becomes important when scaling-up and assessing

the energetic efficiency of processes. Carbon and carbon-based materials are often

used as electrode materials as well as current collectors. They are cheap materials

with good electrode performance and biocompatibility. However, unlike metals, for

example, carbon materials have a higher internal resistance, which can lead to

significant losses in scaled-up systems compared to the theoretical cell voltage.

Rozendal et al. found that fibrous graphite or granular graphite can lead to losses of

several hundreds of millivolts in scaled-up systems compared to laboratory scale

due to contact resistances [27]. However, even in laboratory-scale systems with

only 1 cm2 electrode surface, a current collector can significantly increase

performance [28].

In addition to the ohmic resistance of the electrodes and current collectors, the

ohmic resistance due to the ionic solution can be even more relevant. The solution-

based ionic resistance of a bioelectrochemical system depends mainly on two

parameters: (a) the specific ionic conductivity and (b) the electrode distance.

Unfortunately, the selected electrolyte and its ionic conductivity will always

depend on the application, with the addition of supporting electrolyte salts being

undesirable and cost-intensive. However, because it directly affects reactor perfor-

mance, applications with already inherently high-conductivity electrolytes, such as

urine, are clearly advantageous from an energy perspective [29]. Similar to elec-

trolyte conductivity, the distance between the anode and cathode determines the

internal resistance of the cell [30, 31]. A smaller distance leads to decreased internal

resistance and voltage drop. However, depending on the mixing in the reactor,

distances that are too small can decrease performance due to the unwanted cross-

over of species, which can significantly decrease performance due to the

(bioelectro)chemical short circuits and development of mixed potentials [32]. In

bioelectrochemical production processes, the prime example for crossover is oxy-

gen produced at the anode; this leads to a problem when it reaches the cathode,

which may rely on the catalytic activity of strictly anaerobic bacteria. Generally, the

insertion of a membrane is critical to enable short anode-cathode distances while

maintaining the necessary chemical redox gradient between the two electrodes.

Evidently, membrane resistances usually increase internal resistance as well

[33]. Alternatively, unwanted crossover can be hindered without increasing internal

resistance by clever control of the liquid flow. For instance, in an MFC with 1-cm

spacing between the electrodes, one study showed no detectable dissolved oxygen

near the anode by imposing an advective flow of the anolyte toward the cathode

[34]. In contrast, the batch operation of the same reactor lead to dissolved oxygen

concentrations of approximately 0.05–0.1 mg L�1 at a 1-cm distance of the cathode.

Depending on the application and the focus, the design generally can be adapted

and optimized to minimize internal resistance and/or crossover [33]. In experimen-

tal designs with three-electrode setups for basic investigation, the internal resis-

tance will not play a significant role, especially when using chronoamperometry to

characterize the system, for example. In this case, another resistance will be of
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importance: the uncompensated resistance between the working and reference

electrodes will highly influence the obtained data [35].

1.3.2 Concentration Polarization

As already mentioned, reactions in bioelectrochemical systems take place on

electrode surfaces. There, mass transfer between the bulk liquid and the electrode

surface as well as in the bulk liquid has to be addressed by the reactor design to

decrease losses from concentration polarization. The reactant availability on the

electrodes is of crucial importance. Simultaneously, reaction products

(e.g. hydroxyl ions [36] or protons) have to be removed from the electrode surfaces.

Because the ion concentration in typical electrolytes is much higher than the proton

concentration, charge balance will be achieved through the migration of ions other

than protons [37]. This can lead to drastic acidification of the anode and alkalization

of the cathode, thermodynamically and microbially inhibiting the electrode reac-

tions. The mass transport from and to the electrode surface can be achieved through

diffusion, migration, and convection (discussed in detail in [26]). While diffusion

will always be slow compared to convection and mainly controlled by the temper-

ature, pressure, and the substrate concentration gradient, convection is proportional

to the local velocity (μ). The velocity field can be adjusted by the reactor design (see
Table 1 for Reynolds and Newton numbers) and operation, substantially increasing

current densities.

In a reactor by Sleutels et al., an advective flow away from the anion exchange

membrane in an MEC increased the performance by twofold [38]. This substantial

increase is related to a smaller diffusion layer on the membrane, leading to better

ion transport through the membrane and thus buffer regeneration at the anode.

Another example for an improved flow-field has been shown by Zhao et al., who

introduced non-reactive activated carbon granules into the anode compartment,

leading to increased current densities. A computational fluid dynamics simulation

has proven that higher current densities were achieved due to better substrate

distribution [39]. A similar approach used PVC foam and recirculation in the

anode chamber [40] to improve the flow regime, reduce dead space, induce

crossflow on the electrode, and thus increase performance. In other successful

examples, the electrolyte flow was forced through the electrodes [41], maximizing

substrate availability and proton efflux in three-dimensional electrodes.

1.3.3 Electrode Overpotentials

Electrode overpotentials emerge from non-ideal catalytic activity of the electrodes

and are determined by the interplay of the electrode (and its morphology) with the

electroactive biofilm. This subject area is described elsewhere (see [7, 22]).

However, one aspect is directly related to the reactor design: increasing the
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electrode surface-to-volume ratio (SVR) very likely increases currents as the active

and reactive surface are increased. It has been shown for MFCs that only the

cathode SVR is important [42, 43]. This might be correct for specific MFCs run

with acetate, but it cannot be generalized and very much depends on which

electrode is limiting. Self-evidently, increasing the SVR by increasing the surface

of the electrode that does not limit the process will not increase the reactor’s
effectiveness.

2 Reactors for Microbial Electrolysis Cells and Microbial

Electrosynthesis

MECs were originally developed from MFCs for the production of hydrogen gas

using microorganisms, waste streams, and electric energy [44]. The hydrogen

formation takes place at the (bio)cathode, where electrons are used to reduce

protons that were produced at the (bio)anode. This anodic process includes either

the decomposition of waste to electrons, protons, and small molecules such as CO2

by microorganisms [44] or water electrolysis to oxygen, electrons, and protons

[45, 46] by an abiotic catalyst. The voltage generated by a bioanode combined with

a cathode aiming for hydrogen evolution is too low for the reduction of protons to

hydrogen [47]. Therefore, even if electric power is produced at the anode via

degradation of waste, external additional energy has to be provided to enable

hydrogen formation. In particular, the voltage has to be leveraged because theoret-

ically an applied circuit voltage of at least 110 mV [47] is needed in addition to the

energy coming from the MFC.

The reaction at the cathode can be abiotic using electrodes made of, for example,

platinum to catalyze the reaction [44] or biotic catalyzed by microorganisms [48].

In a wider definition, MECs can also be used to produce other fuels and chemicals

[49]. If more complex compounds are formed, the process is typically referred to as

microbial electrosynthesis (MES) although MES principally refers to all anodic and

cathodic bioproduction processes, whether they start from CO2 or from organic

substrates [4].

Some of the reported MES and MEC processes for the production of chemicals

are summarized in Table 2 from a reactor engineering perspective. Generally, the

vast majority of MEC and MES are performed at the laboratory scale, with volumes

ranging from the milliliter up to the liter scale. Hence, these experimental setups are

mostly suitable for addressing a fundamental research question, but they are often

poorly defined from an engineering perspective. To date, several reactor concepts

have been developed and will be further described in this section.
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2.1 Single-Chamber Systems

Although several reactors use membranes to separate the anode and cathode

chambers, the membrane also creates extra resistance for proton diffusion to the

cathode, increasing the internal resistance of the systems (see Sect. 1.3.2) [67]. To

overcome this challenge, single-chamber reactor concepts have been developed.

While producing hydrogen at the cathode, the anodic reaction is meant to produce

CO2 from the decomposition of organic material, which can be collected together

with the hydrogen in the headspace of the reactor [48]. A major disadvantage is that

the hydrogen produced at the cathode side can be consumed by microorganisms

from the anode (e.g. methanogens). Therefore, most systems meant to produce

hydrogen result in the production of methane if methanogens are not inhibited

[78]. Fu et al. described the possibility of growing a methane-producing community

in a single-chamber reactor and then transferring the cathode to a two-chamber

system to increase product yield and purity [79]. Xafenias et al. also discovered that

membrane and membraneless systems lead to different products – in their case,

acetate or methane [80]. Especially in terms of scale-up, single-chamber systems

can be the better choice because membranes are usually prone to biofouling, need

maintenance, and are very cost-intensive as a consequence [15]. Single-chamber

systems have only one electrolyte solution. In two-chamber systems, the electrolyte

solution is separated into a catholyte and an anolyte. Electrodes may be physically

separated from each other in single-chamber systems by separators for preventing

electrical short circuits.

2.1.1 Single-Chamber Cube-Type Reactors

One of the first single-chamber reactors was developed from the cube-type system

and is mainly the same as shown in Fig. 1, except for the fact that the membrane is

left out [67]. This system is used to produce hydrogen [67] as well as methane

[68, 81] (see Table 2). Because of its simple and membrane-free design, this design

does not prevent chemical crossover; however, because they are easy to handle,

cube-type reactors are often used for scale-up experiments. The electrode surface

area can be easily varied by increasing the number of electrodes or using three-

dimensional structures. Rader and Logan suggested introducing several pairs of

electrodes into a single-chamber system because they found it easier to increase the

number of electrodes for scale-up than to increase the electrode surface area

[69]. This also may prevent ohmic losses due to internal resistance drops (see

Sect. 1.3.1). Therefore, they created a system that was similar to several combined

cube-type systems, with anodes and cathodes placed alternatingly. Separators

between anodes and cathodes were used to avoid short circuits. With a continuous

substrate flow, hydrogen and methane were produced [69]. A similar system was

also used for a pilot-scale application by Cusick et al. to produce methane and

hydrogen [70]. This system included 144 pairs of electrodes in a 1,000-L reactor.
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2.1.2 Cylindrical Reactors

Similar to the two-chamber concentric cylindrical systems (discussed later), cylin-

drical single-chamber systems have been used. One example is a reactor designed

by Bo et al., which consists of a steel cylinder that works as the cathode and a

concentric anode placed within the cathode cylinder [77]. This enables a

homogenous potential distribution within the reactor. However, the distance

between anode and cathode is high compared to the electrode-membrane stacks

often used in cube-type reactors. A disadvantage is that the cathode material, which

is crucial for the product generation, cannot be varied easily for future investiga-

tions (Fig. 2) [82].

2.1.3 Bottle-Type Reactors

One system that is especially suitable for screening and preliminary laboratory-

scale investigations is the bottle-type system (Fig. 3). Here, both electrodes are

placed in a small bottle, such as a septum bottle [83, 84]; between the electrodes, an

isolator can be used to avoid short circuiting [71]. Unfortunately, the placing of the

Cathode chamber
Cathode

Gas sample tubeCation exchange 
membrane 

Anode chamber
Anode

Potentiostat/power 
source

Ports for sampling, 
reference electrode, 
gas inlet…

Fig. 1 Cube-type reactors are easy to manufacture and are suitable for basic investigations as well

as pilot-scale studies. Electrode types and electrode surface areas can be easily varied. These

reactors are used from smaller scales to pilot scale, up to volumes of 1 m3
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electrodes is not fixed, decreasing the reproducibility and controllability of the

experiments. However, because all required items are commonly used in laborato-

ries, this system can be built up in a short time and without high costs. Screening

Cathode

Gas outlet

Headspace

Anode

Potentiostat/power 
source

Ports for sampling, 
reference electrode, 
gas inlet…

Fig. 2 Single-chamber cylindrical reactors are comparable to cube-type reactors and are typically

used on a laboratory scale, with volumes of up to 200 mL

Anode Cathode

Magnetic stirrer

Headspace

Ports for sampling, 
reference electrode, 
gas inlet/outlet…

Potentiostat/power 
source

Fig. 3 Single-chamber bottle type reactors are easy and cheap to manufacture. They can be used

for preliminary investigations and screening experiments. This reactor type is typically used on a

small scale with volumes up to 800 mL
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systems with these mini-reactors, which use just one power supply for several

experiments at a time, have been introduced [84].

The performance of these systems is mainly driven by the high SVR of the used

cathodes [72, 85]. This reactor type can also be operated with the cathode above the

anode, so it is a mixture of the previously described bottle-type reactor and the later-

described cathode-on-top system [72]. However, because the space inside the

septum bottles is limited, experiments dealing with three-dimensional electrodes,

for example, cannot be carried out on a sufficient scale. In general, the specific

electrode area seems to be low compared to investigations with other reactor types

(Table 2). Therefore, the same design can be carried out in a cylindrical reactor by

replacing the septum bottle [86].

2.1.4 Column-Type Reactors

To avoid the contact of hydrogen with anodic microorganisms, which are capable

of metabolizing the product, a cathode-on-top design has been developed [73]. The

electrodes do not face each other horizontally; rather, the cathode is placed above

the anode, so that hydrogen bubbles generated at the cathode leave the cultivation

medium without passing the anode and the attached microorganisms, respectively

(Fig. 4). However, the internal resistance of the reactors is high due to the large

distance between the anode and cathode (see Sect. 1.3.1). The anode can be

designed as a fixed bed, providing better support for microbial attachment

[73]. Liu et al. developed a cathode-on-top system, including a fluidized bed

anode instead of a fixed bed anode to produce hydrogen [75]. In this reactor, carbon

granules are fluidized at the bottom part of the reactor to increase the anode surface

and the biofilm support.

Katuri et al., on the other hand, suggested using hollow-fiber membranes as

cathodes to combine filtration and electrosynthesis [74]. This special column-type

reactor system can therefore be referred to as an electromicrobial membrane

reactor. For this type of reactor design, mathematical models have already been

suggested by Li et al. [87]. The cathode-on-top design aims to improve hydrogen

production without using a membrane. However, it is not suitable if gases are

produced at the anode (e.g. oxygen or carbon dioxide), which lead to a purity

decrease of the product gas or, in case of methane production at the cathode, to an

inhibition of microorganisms by oxygen. To avoid this, it is possible to create an

anode-on-top design, where the anode is placed above the cathode. This is an

interesting approach to prevent the contact of the produced oxygen at the anode

to strictly anaerobic microorganisms for MES based on carbon dioxide [88],

without introducing a membrane. This type of reactor has been used in the first

generation of MFC studies but was replaced by systems with lower internal

resistances.
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2.1.5 Rotating Disk Reactors

Another interesting reactor was designed by Cheng et al., who used a cylindrical

single-chamber reactor with intermitted rotating half-disks as electrodes [76]. Both

electrode half-disks are alternately submerged in the liquid phase and exposed to

the gaseous phase (Fig. 5). Thus, each disk half alternately becomes an anode and a

cathode: a cathode when exposed to the gaseous phase and an anode when sub-

merged in the liquid phase. At every moment, there is always a bit of the gas-phase

electrode that is submerged in the liquid phase, so there is an ionic connection

between the electrodes. This approach results in the formation of a uniform biofilm

all over the disk. The main product is methane, which is released directly to the gas

phase. One advantage of this design is that no pH gradient can occur between the

cathode and anode [76].

Although the number of electrodes can be increased, scale-up is limited because

much energy is needed to rotate the electrodes in a potentially viscous medium. The

design of the reactor is shown in Fig. 4. (For more detailed sketches and photo-

graphs see Cheng et al. 2011.)

Cathode

Gas outlet

Headspace

Anode

Potentiostat/power 
source

Ports for sampling, 
reference electrode, 
gas inlet…

Influent (medium or gas, if 
anode is designed as 
fluidized bed)

Effluent

Fig. 4 Cathode-on-top reactors can be used to prevent gasses from interfering with the reaction at

the bottom electrode. They are currently used on the laboratory scale with volumes of up to 8 L
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2.2 Two-Chamber Systems

Many MEC/MES consist of two chambers – an anode chamber and a cathode

chamber, separated by a membrane. Despite the fact that membranes may limit the

performance of a system due to their electrical resistance and their resistance to ion

flux itself (see Sects. 1.3.1 and 1.3.2), a membrane can be of importance, especially

if high coulombic efficiencies are needed, because it prevents exchanges between

the electrode (chambers) through the diffusion of reduced and/or oxidized

chemicals (chemical short circuits). Membranes also prevent product diffusion

between the chambers [67]. In case of cathodic methane production, for example,

a membrane hinders oxygen diffusion from water electrolysis to the cathode

chamber, which may inhibit the oxygen-sensitive microbial community [45]. Of

course, this is only the case when the membrane materials are chosen according to

the needed selectivity. Usually, reactors with membranes create products or off-gas

streams with higher purities than reactors without membranes [67, 89].

2.2.1 H-Cell Reactors

As already introduced, one of the most common two-chamber reactor setups are the

so-called H-cells. They consist of two chambers, usually a glass bottle each,

separated by a membrane. Figure 6 shows the typical design of an H-cell, while

Table 2 lists some investigations carried out in H-cells [53]. MES in H-cells starting

from CO2 was first reported by Nevin et al. in 2010; since then, many MES

investigations have been carried out in H-cells [52, 54]. The majority of these

Port for reference 
electrode, sampling…

Medium outletMedium inlet

Cathode

Gas outlet

Anode

Motor

Medium

Headspace

Fig. 5 The rotating disk reactor is a sophisticated reactor design, which allows the use of high

numbers of electrodes enabling highly specific electrode areas. The reactor is currently used on the

laboratory scale with volumes of up to 2 L
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studies yielded acetic acid as the major or only product (Table 2); in some cases,

other products, such as methane [90] or butyrate [58], were reported. H-cells have

an existing wide distribution, relatively easy setup, the possibility to introduce a

magnetic stirrer and gas inlet, and easy usage of various electrode materials. A

typical setup uses two 200-mL flasks separated by a cation-exchange membrane

and graphite sticks as both the anode and cathode. H-cells are ideal systems for

preliminary investigations and comparative studies of membrane or cathode mate-

rials, although some disadvantages occur: limited means of gassing and stirring

geometry, elevated internal resistance due to the comparably long electrode dis-

tance (and hence a voltage drop between the electrodes [91]) and, from a technical

point of view, the inability to scale-up. The low space-time yields of the MES

studies given in Table 2 also indicate that this reactor might not be ideal for

reaching industrial relevance with MES. However, the yields may be limited by

the microorganisms in several cases and not by the reactor system itself.

2.2.2 Concentric Tubular Reactors

Concentric tubular cells have been used in several investigations as laboratory-scale

alternatives to H-cells. The two chambers are not next to each other; rather, the

anode chamber is placed within the bigger cathode chamber, separated by a

cylindrical glass tube with a membrane window, usually at the bottom of the

anode chamber (Fig. 7) [92]. Some of the studies that used this type of

laboratory-scale reactor are listed in Table 2. An interesting investigation about

this type of reactor was done by Xu et al., who compared methane formation in a

biogas-upgrading process in H-cells and in a concentric cylindrical MEC [51]. They

Cathode chamber

Cathode

Headspace

Cation exchange 
membrane 

Ports for sampling, 
reference electrode, 
gas inlet/outlet…

Anode chamber

Anode

Magnetic stirrer

Potentiostat/power 
source

Fig. 6 H-cell reactors are the workhorse of bioelectrochemical systems in studies where separa-

tion is needed. They are used on the laboratory scale in volumes of up to 200 mL
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concluded that the concentric cylindrical MEC performed better; however, the

comparison is difficult to make because the membrane area, the substrate, and the

process type were different. This publication also showed that continuous operation

is possible for this reactor type [51]. Jourdin et al. demonstrated the operation of this

reactor type in fed-batch mode, with the reactor being used as a testing system for

new electrode materials in acetate-producing MES [55].

An advantage of this reactor compared to the H-cell is that the setup is easier and

less space consuming; in addition, the membrane area can be varied easily when

using a “membrane bag” instead of a membrane window in a glass cylinder

[51]. The electrodes can be close together to decrease the internal resistance of

the system by wrapping the membrane around a porous glass cylinder and thus

constructing an electrode-membrane assembly. The electrode SVR appears to be

smaller than in H-cells (see Table 2). Similar designs on a larger scale have been

used by Sasaki et al., Carmona-Martinez et al., and Jeon et al. [58, 93, 94]. Sasaki

produced methane on a 2–4 L scale in a concentric cylindrical reactor [93].

Carmona-Martinez also investigated the long-term performance and hydrogen

production of the used system [94]. Jeon characterized a 1-L MES producing acetic

acid, propionic acid, and butyric acid [58]. One interesting final outcome of this

study is the similarity of the yields obtained when electrochemically producing

hydrogen by an applied voltage, compared to a system growing with 2 atm of

hydrogen overhead pressure. This outcome indicates that the hydrogen coming

from hydrogen evolution at the cathode could be the reason for the improvement of

the bioelectrocatalysis compared to a standard cultivation without electrochemistry

[58]. The points discussed in this section illustrate that this kind of system is more

scalable than the H-cell. However, because mixing is hindered by the inserted

Anode chamber

Anode

Cathode chamber

Cathode (may be 
wrapped around 
anode chamber)

Magnetic stirrer

Headspace

Cation exchange 
membrane (may be 
wrapped around porous 
anode chamber)

Glass cylinder, may 
be porous if 

membrane is 
wrapped around it

Ports for sampling, 
reference electrode, 
gas inlet/outlet…

Potentiostat/power 
source

Fig. 7 Concentric tubular reactors are further developed H-cells with improved specific surface

areas. These reactors are currently used on the laboratory scale with volumes up to 1 L
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chamber, low-velocity zones and concentration gradients, which depend on the

diffusivity of the substrate, could appear in larger systems. Studies have addressed

this challenge and increased mixing by applying an external loop [95]; continuous

operation of the system has been reported [96].

2.2.3 Two-Chamber Cube-Type Reactors

Another relatively common reactor is the cube-type or cylindrical MEC. Basically,

this reactor is similar to the H-cell. However, the two chambers are not two bottles;

rather, they are two cylindrical, flat, disk-shaped chambers resulting from the

carving of cubic plastic materials (see also Table 2), which are separated by a

membrane. Therefore, the membrane area relative to the volume can be increased

compared to the H-cell [50] or decreased using a small membrane window [59]. Fur-

thermore, this type of reactor does not necessarily have a headspace for gas

collection, necessitating a gas outlet (pipe or tube) on the top of the two chambers

[61]. In a comparison between cube cells with larger headspace and cube cells with

very little headspace, the cells with the larger headspace turned out to be more

practical in terms of sampling [59]. A sketch is given in Fig. 1; Ditzig et al. and

Wang et al. also provided more detailed design drawings [59, 68].

An investigation by Liu et al. in 2005 compared the performance of a cube MEC

and an H-cell during hydrogen production. Interestingly, less hydrogen was found

in the cube system, possibly because of product diffusion through a larger mem-

brane area to the anode chamber [50]. A similar reactor design was used by Villano

et al. to create a “fixed bed reactor,” introducing graphite granules to the chambers.

To ensure mixing, medium recirculation is applied in that approach [89]. Compared

to the H-cell, this reactor has an advantage of decreased distance between the

cathode and anode, which lowers the internal resistance [59]. Because the mem-

brane area, gas inlet and outlet, substrate inlet, and electrode distance can be varied,

this system is more flexible and also more scalable than an H-cell. Continuous

operation modes for such cubic reactor types have also been reported [63].

Even direct concentration of the MES product acetate was realized in this system

by applying a second membrane to create a three-chamber system [60]. Cubes

should therefore be preferred only in experiments preparing pilot scale applications

if a direct electron transfer is realized versus a mediated electron transfer due to

their limited mixing. Disadvantages are difficulties in mixing and gassing due to the

rounded bottom if a cylindrical or disk-shaped approach is used. Furthermore, there

might be a dead zone at the very bottom of the reactor, where the application of a

stirrer or a sparger is not possible due to their size. However, Rozendal et al. have

used a similar reactor with at least 3 L of working volume [62].
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2.2.4 Flat-Plate Reactors

Flat plate reactors with serpentine flow channels have been designed and applied to

generate hydrogen [64, 97] and methane [49]. The electrodes are placed very close

to each other by an electrode-membrane assembly, decreasing the ohmic losses

within the electrolyte [64]. A sketch of the reactor is given in Fig. 8; a more detailed

drawing, especially of the periphery and heating jacket, has been published else-

where [97]. Examples of applications can be found in Table 2. By applying bipolar

plates in a cube-type reactor, a stacking can be realized; they act as excellent current

collectors, which also improves the uniform potential distribution [98]. This

approach has only been applied in MFCs so far. However, due to its advantages,

its use in MES seems very promising.

Due to a recirculation of the medium with the possibility of mixing outside the

MEC, concentration gradients could occur in the electrolyte between the inlet and

outlet of the reactor chamber. In any case, the contact time between the electrolyte

and electrodes is improved due to the long flow path, which could lead to higher

yields. The larger specific electrode surface also improves the production yields

(see also Table 2). Because the design is rather complicated compared to H-cells

and cube-type reactors, this system would not be the first choice to start screening

experiments or proof-of-concept-investigations. However, because the process is

mechanically divided up into at least two compartments, it can serve as a reactor for

more in-depth mechanistic investigations. A scale-up of this concept does not seem

Anode chamber 
with serpentine 

flow channel

Anode (pressed 
onto membrane)

Cathode chamber 
with serpentine 
flow channel

Cathode (pressed 
onto membrane)

Headspace

Cation exchange 
membrane

Ports for sampling, 
reference electrode, 
gas inlet/outlet…

Potentiostat/power 
source

Gas inlet

Medium 
recirculation

Gas outlet

Fig. 8 Serpentine flow channel reactors feature low ohmic losses due to narrow electrode

spacings. These reactors are typically used on the laboratory scale with volumes of up to 300 mL
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to be practical because permanent media recirculation is rather energy intensive and

the application of larger or three-dimensional electrodes is limited.

Flat-plate reactors, which are considered to be conventional fuel cell designs,

and lamellar flow systems also fall into this reactor category [99, 100]. Flat-plate

reactors can serve as models for any kind of bioelectrochemical reactor. Key

limitations are that the flat-plate approach can create mixing and clogging issues

for fluids containing solids, requiring a decent dimensioning of the fluid chambers.

In lamellar systems, relatively high performances (>1 kA m�3 at the liter scale,

>250 A m�3 at the pilot scale) are reached compared to other systems.

2.2.5 Bioelectrochemical Systems with Reverse Dialysis Stack Reactors

as a Process Variation

As mentioned previously, external voltage has to be provided to allow the forma-

tion of hydrogen at the cathode. One method to generate the needed voltage is to

couple an MEC system with a biotic anode for reverse electrodialysis, which

generates current by combining the flows of low-concentration salt solutions and

high-concentration salt solutions, separated from each other by both cation- and

anion-exchanging membranes. This leads to a potential difference across the

membranes [65]. The resulting reverse-electrodialysis microbial-electrolysis sys-

tem is comparable to the previously mentioned cube-type reactors, whereby the

membrane is substituted with a reverse electrodialysis stack as shown in Fig. 9

(adapted from Luo et al. 2014). In this stack, cation-exchange membranes and

anion-exchange membranes are placed alternately [65].

This system has been used for hydrogen production as well as for methane

production; examples are given in Table 2. This reactor was designed to overcome

the problem of external power addition to the MEC. The needed energy can be

gained by converting salinity gradient energy to electrical energy, thus providing

the added potential needed for evolution of the products [65]. However, a critical

study is missing: how much power is consumed additionally by regeneration of the

high/low salt concentration solutions and liquid transport within the reverse elec-

trodialysis stack. Without this, the total energy savings cannot be calculated and

there will probably be losses in efficiency because of the larger internal resistance

of the system.

2.2.6 Stirred Tank Electroreactors

The standard workhorse in biotechnology is the stirred tank reactor. Therefore, it

desirable to create stirred tank electroreactors (i.e. standard bioreactors) equipped

with electrodes [14, 66]. These stirred tank electroreactors allow for benchmarking

between bioelectrosynthesis and “conventional” biosynthesis; they also open the

door for the implementation of bioelectrosynthesis into existing infrastructure and

process lines. However, what sounds easy at first glance is a rather difficult task
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from an engineering point of view. Because most bioreactor lids are made of

stainless steel, electrical insulation of the electrodes has to be ensured for correct

measurements. An installation has to be inserted into the reactor to generate two

separate chambers. The space in a laboratory-scale bioreactor (0.5–3 L) is limited

due to the standard reactor assemblies such as the stirrer, gas sparger, and baffles.

The necessary equipment for process control and automation can be included in

the stirred tank electroreactors and give new insights into process behavior. An

example is an investigation carried out by Hintermayer et al., who inserted a

cathode chamber of glass into a standard bioreactor [66]. Apart from that, the lid

was electrically isolated via a silicone ring and the stainless-steel stirrer was

replaced by a non-conductive one. A crude sketch is given in Fig. 10 (see

Hintermayer et al. 2016 for detailed drawings). Although the reactor design is

well characterized in this study, low space-time yields were achieved.

Rosa et al. have devised upgrade kits for bioreactors, enabling different conven-

tional bioreactor systems to be used for bioelectrotechnology [14]. These upgrade

kits can be tailored to different reactor designs and scales, can be reversibly

mounted, and are suitable for a plethora of application conditions

(e.g. environmental and biotechnological operation modes). The resulting

electrobioreactors were used to cultivate the electroactive model organism

Shewanella oneidenis MR-1 [14]. Based on the demonstrated upgrade kit, it will

be possible not only to study and engineer a specific bioelectrotechnological

HC inlet
HC outlet

LC outletLC inlet

Cathode chamber
Cathode

Gas sample tube

Reverse electrodialysis 
stack

Biotic anode chamber
Anode

Load

Ports for sampling, 
reference electrode, 
gas inlet…

Destillation column

Fig. 9 MES with a reverse electrodialysis stack is comparable to cube-type reactors gaining

additional energy from salinity gradients. These reactors are typically used on the laboratory scale

with volumes of up to 200 mL
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application with high reproducibility and confidence in the process control, but

comparisons also can be made across studies and laboratories (which have not been

possible to date), thus enabling standardization, knowledge-driven engineering, and

its benchmarking to conventional processes.

2.3 A Critical Assessment of MET Reactor Designs

Several reactor types have been described in Sect. 2, which are scored according to

different performance and design parameters in the following section. As the

implementation of particular reactors belonging to the same reactor type can

significantly differ, the chosen designs are depicted with the relevant literature

and exemplary rated. The chosen parameters were derived from the requirements

for a successful design described in Sect. 1. As indicated in Table 3, the perfor-

mance was assessed according to the anode/cathode distance and current collection,

(which directly affect the performance by ohmic losses), electrolyte mixing (which

can decrease mass transport limitation and concentration polarization), SVR (which

Anode chamber

Anode

Cathode chamber

Cathode

Stirrer

Headspace

Cation exchange membrane 

Glass cylinder

pH control, temperature, 
sampling, gas outlet, 
reference electrode…

Potentiostat/power 
source

Sparger

Baffles

Fig. 10 The stirred tank electroreactor is based on a conventional bioreactor with an upgrade kit

to enable electrobiotechnology under more standardized conditions. This reactor type is used on

the laboratory scale up to volumes of 2.5 L
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affects volumetric current densities and production yields), chemical short circuits,

and how the design deals with solids. Furthermore, the scalability, expected costs,

and complexity of the design were rated because those parameters determine

applicability and practical implementation. In any case, considering the purpose

of a reactor is necessary when deciding on the importance of the different rating

parameters, especially when doing experimental laboratory work with fundamental

research questions versus application-driven experiments. The anode/cathode dis-

tance, for example, is negligible in three-electrode setups for the investigation of

microbe-electrode interactions, whereas it is crucial for a scale-up reactor. Along

with the difficult comparability in terms of key performance indicators, it is

impossible to provide a conclusive recommendation on the best reactor designs.

Many of the reactor systems discussed here do not adhere to several of the key

requirements of well-functioning microbial electrochemical technology. Obvi-

ously, this is not always essential: for example, in research and development,

simple designs that can be replicated easily in the laboratory are preferable over

highly engineered systems. Some of the systems used thus far, such as reactors with

sequential anode/cathode placements (cathode-on-top), have so many drawbacks

that it seems best to phase these out. There are, after all, certain laws of nature that

cannot be defeated. In terms of well-engineered systems, there is no reactor

configuration that outcompetes all others due to the different requirements for

different applications. Several reactors are quite suitable for applications, such as

flat plate and lamellar systems, as shown via pilot trials.

Generally, when designing reactors, more attention should be given to the

internal resistance and mixing issues (stirred tank vs. plug flow). Computational

fluid dynamics can be very helpful here (see also [26] for some insights). The

overall message around reactor design is perhaps that more attention has to be paid

to existing knowledge (e.g. from the electrochemistry field). If microbial

electrobiotechnologies such as MES want to gain credibility, unifying designs

that adhere to the key physical laws are essential. The availability of commercial

reactors can truly help in this context because they improve worldwide access to

well-described technology. Finally, a good reactor also comes with a good set of

descriptive parameters, such as SVR, electrode surfaces, anode-cathode distances,

and so on [20]. The best-scoring reactor designs come with this dataset because

these parameters formed the basis of their designs.

2.4 Further Considerations

Apart from the reactor design itself, at least two more things need to be considered

when building new reactors for MEC and MES: (1) the electrode material and

geometry and (2) the membrane material in a two-chamber system. The electrode

has a huge impact on the process performance. Thus, the electrode material needs to

be conductive, must give a support to biofilm formation (when needed) or be at least

biocompatible, and have an appropriate SVR. Finally, (low) cost and scalability are
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also desired characteristics for the electrode materials. Even if precious metal

electrodes provide the best conductivity, they are not applicable in larger systems

due to their high costs. Alternatives have been reported, with some using material

compositions that influence the surface attachment of the microbes [45, 103–105].

Kerzenmacher [7] provides further information about electrode design and material.

Also interesting in terms of reactor design is the membrane material. The widely

used Nafion membranes perform well, but they are still too expensive for technical

applications. Already from the onset, lower cost membranes have been used that

operated as well as Nafion [106]. Multiple types of membranes are available;

usually they are differentiated as cation and anion exchange membranes. Instead

of membranes, other materials such as ceramic or porous glass diaphragms/sepa-

rators have also been used [107]; however, the selectivity and permeability of these

materials are much less specific and different from ionic exchange membranes

because they are basically porous barriers that create longer diffusion pathways.

These characteristics have to be considered and compared when choosing a mate-

rial. Comparisons of different membrane materials have been published elsewhere

[64, 108–111].

Scaling-up reactors also may not be feasible due to constraints of the designed

reactors and parts thereof. It has to be discussed whether numbering-up approaches

are more likely to improve the performances of bioelectrochemical reactors on a

pilot scale. Cusick et al. reported the use of 24 electrode modules, which were

working successfully in parallel, in their microbial electrolysis cell pilot-scale study

[70]. A smart reactor design takes all of the above into account. However, a well-

engineered reactor is more than its scientific principles: it is guided by engineering

constraints, for which we provide a non-exhaustive matrix in Fig. 11.

Applicability is mainly about four key aspects: reliability, scalability to the

desired scale, cost-effectiveness for the purpose, and uniqueness relative to what

Reactor applicability

Reliability Scalability Cost 
effec�veness Uniqueness

Longevity of 
components

Disposi�on for
fouling/blocking

Simplicity of design

Current collec�on

Possibility to enlarge
or connect in
parallel/series 

CAPEX and OPEX in
rela�on to the 
outcome added 
value

Fill niches, were MES 
strike exis�ng 
technology

Aimed Applica�on
E.g. type of product, product 
yields, extrac�on, collec�on,
and quality

Fig. 11 A matrix to determine the applicability of METs
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exists. Scalability depends on the needs and should be matched with the well-

established field of electrochemistry. In this field, electrodes are scaled up to the

maximum (~2 m2) to enable good current collection and mixing. This should be

emulated in the field of METs. In our opinion, it is incorrect to strive for the

miniaturization of systems to minimize problems such as ohmic loss. Adequate

reactor design can ensure loss minimization, whereas a larger scale can drive down

cost and maintenance. Cost-effectiveness speaks for itself: the combination of

capital expenditures and operational expenditures needs to be competitive. For

example, relative to anaerobic digesters, METs will be more expensive due to

high materials usage; however, depending on the target outcome, added value is

created. For example, to identify products that can theoretically benefit from

electrical assistance in MES or electrofermentation, feasible and interesting meta-

bolic pathways have been reviewed [112], and it has been demonstrated what is

worth producing economically [113, 114]. Here, yield and product quality will also

be critical. If the system is run with waste, an extra requirement has to be accom-

plished: treatment efficiency, including carbon dioxide, nitrogen, and phosphorus

removal.

The hardest parameter to assess is uniqueness. For instance, when considering

the prime example of MET, the MFC, lessons can also be learned for MES. MFCs

that generate power from wastewater have not yet found applications because of

one disadvantage: anaerobic digestion is very mature in this sector. Moreover,

when a digester converts a loading of, say, 50 kg carbon dioxide m�3
reactor d

�1,

this relates to a theoretical current flow of 6,979 A m�3. It is highly unlikely that

MFCs will obtain this. However, MFC have unique features: they work in an

oxidative manner, thus delivering effluents devoid of sulfides; operate as a biofilm

process; and enable power production at low temperatures [115], even at the

seafloor. These unique features should drive applications and thus the system

design. Similarly, MES poses the unique advantage of enabling selective produc-

tion of multicarbon compounds from CO2 in one step, coupled to electricity in a

direct or indirect (e.g. H2 generation) manner. This can be coupled with in situ

extraction [60], which decreases the need for additional extraction steps.
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