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Our societies must reconsider current industrial practices and find carbon-neutral alternatives to avoid
the detrimental environmental effects that come with the release of greenhouse gases from fossil-
energy carriers. Using renewable sources, such as solar and wind, allows us to circumvent the burning
of fossil energy carriers to produce electrical energy. However, this leads to a spatial-temporal
discrepancy between production and demand, necessitating the ability to store vast amounts of
electrical energy. Physical storage of electrical energy, such as hydropower and underground pressure
storage, as well as the conversion of electrical energy into chemical energy, such as with batteries, can
offer vast storage capacities. Another route of storing electrical energy at a massive scale is its
conversion into chemical-energy carriers by combining or integrating electrochemistry with biology.
Here, we will give an overview of the potential of these biological-storage technologies. Based on the
order in which they combine or integrate biological and electrochemical steps, we will discuss the
current state of research on these technologies in three distinct sections: (1) electrochemistry followed
by biology; (2) biology followed by electrochemistry; and (3) integrated electrochemistry and biology.
We will discuss research needs and opportunities in an outlook section at the end.

One of the most critical aspects of a low-carbon future is to store electrical energy for up to months to manage the electric load during imbalances between

production and consumption. Many opportunities exist, including hydropower, underground pressure storage, and different kinds of batteries. Another

opportunity is to use microbiological processes to convert electrical energy into chemical-energy carriers or directly store electrical energy. For both, biology

needs to be combined with electrochemistry. Demonstration plants already exist that place water electrolysis before fermentation to produce and store methane

within the natural gas infrastructure (power-to-gas with biomethanation). The opposite order is also possible - fermentation followed by electrolysis such as

Kolbe electrolysis. This order is attractive because electrochemical conversions are much faster than biological conversions, which lends it to switch it on only
during short peak production periods to manage the load. Finally, integrating biology into electrochemistry enables directly storing electrical energy in
chemical-energy carriers, for example, in rechargeable microbial electrochemical systems.
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Introduction

The collective societies of the world need to produce an increas-
ing amount of electrical energy and chemical-energy carriers
to face an ever-growing population and economic development.
At the same time, greenhouse-gas emissions must be rapidly
lowered to prevent environmental collapse from climate
change, making fossil sources passé. Fortunately, technologies
to generate ample electrical energy from renewable sources,
such as wind and solar, are already well established and are
becoming economically compatible with fossil-fuel sources.'?
As a result, several countries have seriously increased the share
of renewable electrical energy in the grid and aim at generating

This journal is © The Royal Society of Chemistry 2024
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fossil-free electrical energy in the near future.’ Here, we use the
term electrical energy to include a time aspect (i.e., power X
time), and refer to power to describe the availability at a given
instant (i.e., current x voltage), or for consistency with an
existing terminology (e.g., power-to-gas [PtG]).

A major limitation of renewable energy sources is their
intermittency, which leads to a discrepancy between short-
term (e.g., day/might), long-term (e.g., seasonal), and local
availabilities of sufficient electrical energy. Implementing
intelligent electric grids and extending grid infrastructure can
partly overcome the temporal and local distribution discre-
pancy, but societal and political issues must be considered.’
Regardless, long-term storage is required in the form of physi-
cal energy and chemical-energy carriers through underground
pressure storage, hydropower, and various kinds of batteries
(e.g., flow batteries, lithium-ion batteries).® However, some of
these abiotic-storage technologies are limited by geographical
constraints or low energy densities,” while batteries have a high
environmental cost in cradle-to-grave assessments.® Therefore,
the solution of electrical-energy storage would likely need to
come from a mixture of several technologies, depending on the
geographical location. Developing such technologies and build-
ing them to store enough electrical energy should be priorities
of research and development activities and the societal impera-
tive right now.

Among the storage technologies, those that combine elec-
trochemistry with biology (biological storage) should also be
considered. They could require a lower infrastructure invest-
ment when compared to, for example, hydropower by utilizing
the already available natural gas grid and its massive storage
capacity. In Germany alone, the capacity for natural gas storage
is 24.6 billion m?, which is enough to provide natural gas for 80
days in wintery conditions.” While some biological-storage
technologies are already in an advanced state,"®"" others need
considerable research and development before they can be
implemented at a vast scale, if ever possible. It has been
evaluated that advanced biological-storage technologies can
be cost-competitive compared to fossil fuels when specific
benchmarks of electrical-energy pricing, carbon dioxide gas
(referred to here as carbon dioxide) availability, and process
efficiency are met.*

Here, we review biological-storage technologies that convert
electrical energy into chemical-energy carriers by combining
electrochemistry and biology either in a combined system with
several process steps in series or integrated into one single
process step. Based on how the electrochemical and biological
steps are combined together in these technologies, we struc-
tured the review in three sections: (1) electrochemistry followed
by biology; (2) biology followed by electrochemistry; and (3)
integrated electrochemistry and biology (Fig. 1). The review is
not comprehensive but includes pertinent examples from the
literature for each of the three sections. We discuss the advan-
tages/disadvantages, the state-of-the-art, and the future
potential of these concepts, and we end this review with an
outlook to highlight research needs and opportunities. For
policymakers, the message is clear: enable building as many
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Fig. 1 This thematic figure summarizes the concepts of the three sections
of this review. All three panels depict renewably produced electrical
energy (represented by the wind turbine) that is then converted via an
electrochemical system. However, the placement of the biological system
varies: (A) the biological step is placed after the electrochemical system; (B)
the biological step occurs before the electrochemical system; and (C) the
biology is integrated within the electrochemical system.

wind turbines and photo-voltaic systems as possible within a
short time frame. This is because science & technology plus
entrepreneurship within a stimulating political climate will
rapidly find ways to store electrical energy during periods of
excess power at low or even negative electrical-energy prices
and to balance the electrical grid that needs re-building to serve
these needs."

Conventional electrolysis without
biology
Water is split into molecular hydrogen and dioxygen gas, here-

after referred to as hydrogen and oxygen, in the conventional
abiotic electrochemical system (i.e., water electrolysis cell or

Energy Environ. Sci., 2024,17, 3682-3699 | 3683
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electrolyzer) that is placed before the biological step (Fig. 1A).
Multiple reviews detail technological and economic assess-
ments of water electrolysis, especially concerning storing
electrical energy.''*'* Therefore, only a summary is provided
here. Water electrolysis connects a reduction reaction at the
cathode to produce hydrogen and an oxidation reaction at the
anode to produce oxygen (eqn (1) [neutral or alkaline] and
eqn (2) [acidic], respectively). For any electrochemical system,
the minimum required cell potential consists of the theoretical
cell potential plus the overpotentials at the anode and cathode.
Thus, the overpotentials must be minimized to only several
hundred mV to maintain high energy efficiencies (and reduce
power consumption). For conventional water electrolysis, the
overpotentials at the anode (oxygen evolution reaction) and
cathode (hydrogen evolution reaction) have been lowered to
acceptable levels throughout a long development period. Four
methods of electrolysis are commonly described: (1) alkaline
electrolysis (AE), which uses a liquid alkaline electrolyte;
(2) polymer electrolyte membrane (PEM) electrolysis, which
uses a proton exchange membrane; (3) anion exchange
membrane (AEM) electrolysis, which uses an AEM and which
is also known as alkaline PEM; and (4) solid-oxide electrolysis
(SOEC), which operates at high temperatures with a solid-oxide
electrolyte."®'® In addition, membrane-less electrolyzers may
become standard due to cost reduction'® in tandem with the
ability to separate the gases via a cryogenic system.

In Europe, primarily, the first two technologies are used at
the demonstration- or industrial-scale."”” When it comes to the
choice of an electrolyzer for electrical-energy storage, the fol-
lowing factors should be considered: (i) energy efficiency;
(if) ability to exhibit a dynamic behavior (i.e., ability to be
switched off and on); (iii) tolerance to low minimal loads;
(iv) ability to produce hydrogen at high pressures; (v) lifetime;
and (vi) capital and operating expenditures (OPEX)."® Finally,
depending on the geographical location, the requirement for
fresh water may need to be evaluated, while the development of
electrolysis with seawater is still ongoing.'®*?° The required
~15 L of fresh water per 1 kg of hydrogen is not critical in, for
example, Germany,*' but it may be elsewhere. In addition, a
large percentage (~50%) of water may be recoverable in the
biological step such as with biomethanation (eqn (3)).

2H,0 + 2e~ — H, + 20H" (1)
1

H,O — 502 +2e” + 2H* (2)

4H, + CO, — CH, + 2H,0 (3)

To compare different biological storage technologies, to
decide the order in which unit operations are placed within a
technology, or whether to plan integrating electrochemistry and
biology, we should consider the energy requirements and
capital expenditures (CAPEX) for post-processing needs for
electrolyzers, which include drying and handling the pressure
of the product gas hydrogen. For hydrogen alone, it was
estimated that drying and handling pressure account for
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~15% of the CAPEX for a 1-MW PEM electrolyzer at a produc-
tion capacity of 10000 units per year at an uninstalled cost of
$258/kW.>* Therefore, if instead, an integrated approach is
used to produce, for example, a soluble chemical, such as
acetate, with a microbe inside the electrochemical cell, the
gas drying and pressure handling equipment of an electrolyzer
would be superfluous, reducing the CAPEX considerably.
On the other hand, any soluble chemical product would need
purification, adding considerable energy requirements and
CAPEX.”® Thus, a detailed techno-economic analysis is neces-
sary to account for all the complexities, including the treatment
of organic wastes that possibly would be generated by growing
microbial cells.

Section I: electrochemistry followed
by biology
Power-to-gas with biomethanation

Power-to-gas (PtG) is the overall terminology for technology
that converts electrical energy into hydrogen or methane gas
(referred to here as methane) for storage as chemical-energy
713 An electrolysis step to split water into hydrogen and
oxygen is utilized, which is followed by a methanation step
when methane instead of hydrogen is the desired gas. The
methanation step can be abiotic or biological (i.e., biomethana-
tion via gas fermentation), with the latter being our focus in
this review (Fig. 1A). Initially, the nomenclature power-to-gas
was not used. A previous review had traced the concept of
storage of electrical energy as methane to the work of
Hashimoto® during the early 1990s in Japan.'* Hashimoto
proposed to use photovoltaic technology in the desert to meet
global energy demands sustainably. However, this solution
would require storing and transporting the generated electrical
energy. Therefore, as a first step, he proposed electrolyzing
seawater into hydrogen and oxygen on-site, converting the
electrical energy into chemical-energy carriers - stored in hydro-
gen bonds. Even 30 years later, however, the use of seawater still
needs to be further developed as mentioned above.

To simultaneously help address climate change, which is
mainly caused by rising levels of carbon dioxide in the atmo-
sphere due to anthropogenic activity,>® Hashimoto®* suggested
utilizing carbon dioxide and reacting it with hydrogen to form
methane in an abiotic methanation step (eqn (3)). This enables
recycling carbon without further removing sequestered carbon
from fossil fuels.”® A recent life-cycle analysis showed that
including carbon-capturing during electrical-energy storage
would, indeed, considerably improve its environmental
benefits.” Finally, Hashimoto®® proposed to convert the pro-
duced methane into a liquid to be stored and transported as
liquefied natural gas (LNG).

However, a more simple and pertinent solution in many
societies is to store methane as renewable natural gas in the
existing natural-gas grid with its vast storage capacities.*° For
such an application, converting hydrogen to methane is advan-
tageous because regulations limit the hydrogen content within

carriers.
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the natural-gas grid."® In addition, hydrogen has a substantially
higher diffusive nature and a considerably lower energy density
than methane,” and leads to the embrittlement of metal piping.
Consequently, its use as a direct electrical carrier would require
rebuilding the natural gas grid, which is unnecessary when
methane is used as the energy carrier. During an interim
period, we may need both hydrogen and methane storage and
transport,”” with the possibility of laying a new hydrogen pipe-
line next to the existing natural gas pipeline to minimize
regulatory delays. Regardless of the type of gas to store energy,
both leaked hydrogen and methane would contribute to radia-
tive forcing.”® Thus, any new storage and grid system would
need to prevent fugitive emissions. Even though this is harder
to do for hydrogen than methane, hydrogen would always have
a lower greenhouse gas potential than methane with a current
leakage rate of up to 2% for natural gas in the US.?° In addition,
the generation of methane requires a reliable source of carbon
dioxide. Furthermore, this carbon dioxide is then released
again into the atmosphere upon methane oxidation. Thus,
the electrical-energy storage technology with methane is not a

View Article Online
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carbon capture and sequestration (CCS) technology, but it does
offset fossil-fuel-based natural gas and promotes a circular
carbon economy.

The abiotic method of converting hydrogen and carbon
dioxide into methane (eqn (3)), which Hashimoto®* alluded to
in the early nineties, is the thermochemical Sabatier process
that utilizes a metal catalyst (most commonly nickel or
ruthenium)."'**' The Sabatier process efficiently converts
carbon dioxide into methane (83-90%).%° Still, several aspects
of biomethanation are advantageous, which is why we focus on
this route here (PtG-biomethanation in Table 1). First, the
abiotic process requires high temperatures and pressures
between 200-550 °C and 100-10000 kPa, respectively. This
makes the Sabatier process less user-friendly in decentralized
locations than biological systems that operate between 35-65 °C
and have an overpressure of only 100-200 kPa.

Second, metal catalysts in the Sabatier process are prone to
deactivation (e.g., fouling, poisoning, and thermal degradation)
due to contaminants in the gas stream such as sulfur
compounds.®® Depending on the source of carbon dioxide,

Table1l Characteristics, operating performance parameters, and efficiencies for the different storage technologies. The shades represent the three main
organizational features of this review: blue — the biological step is placed after the electrochemical system; salmon - the biological step occurs before
the electrochemical system; and green — the biology is integrated within the electrochemical system

Name of biotic Energy Max. production Economi | Efficiency Technology Overall Overall Ref.
energy storage Storage rate and unit -cally bioproduction readiness efficiency efficiency
system product viable of storage level (TRL) to store back to

rate yet? | product estimation power ® electric

power °

PtG-biomethanation | Methane 45gL"hT Yes 98% 718 60% 21% 43
PtF-syngas Iso-propanol DL T Yes 80% 6 50% 18% 73
fermentation and acetone
Storing formate- Formic acid ° 02gL"h” No 98% 3 60% 21% a3
acetogenesis
Chain Elongation & Alkanes 0.08gL"h” No 50% 4 40% 14% 12
Kolbe electrolysis
Sugar fermentation Alkanes & 0.07gL"h” No 49% 4 35% 12% 130,131
& non-Kolbe esters ¢
electrolysis
Electro- Methane 0.09gL"h” No 98% 2 60% 21% 150
methanogenesis 1.7 mA cm™
Electrochemical Mesaconate 2.3x10°gL" h” No 1.6% 3 0.2% not a fuel | 162
formate production 1.3 mA cm?
Capacitive charge Electrons 100-150 F g ° " No n/a® 1 n/a n/a 168
storage
Pseudocapacitive Reduced 450-589 pF cm™™ | No n/a 1 n/a n/a 171,172
charge storage a cytochromes
Pseudocapacitive Reduced 0.88-2.4 mC cm™ No n/a il n/a n/a 173,174
charge storage b cytochromes
Metabolic charge Sulfide 72-650 Ccm™" No n/a 1 n/a n/a 164
storage-1a (4-11 mA cm?)’
Metabolic charge Sulfur 34Ccm? No n/a 1 n/a n/a 180
storage-1b (B mA cm 2"
Metabolic charge Ethanol 0.14 mA cm’ No n/a 1 n/a n/a 181
storage-2 (170 mC cm?)
Metabolic charge Acetate 0.5 mA cm” No n/a 1 n/a n/a —
storage-3

“ Electrolyzer efficiency of 60%. b Combustion conversion 35% for all fuels. ¢ Based on a specific activity of 3 mmol geep protein’l h

1 with

1mgmL " cell protein in a 1.5-L bioreactor. ¢ Based on a specific activity of 0.012 g Seell dry weight * 1 With 5.7 Zeeltaryweight L - ¢ High surface

area electrode: 2000 m* g *

of specific surface area.”/ Charge capacity (C cm2) is not available in/cannot be derived from the respective

publication. ¢ Not available; the information is not available in/cannot be derived from the respective publication. ” Porous, three-dimensional
electrode. * Transient (exponentially decaying) currents due to exhaustive conversion of electrode associated storage compounds.
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the gas stream may need to be extensively purified, which adds
costs and complexity to the storage system, very likely excluding
decentralized power-to-gas conversion systems. A list of maxi-
mum impurities in the gas stream toward metal catalysts is
shown in Table 4.2 of Lehner et al.>' The volatile sulfur or other
compounds that are generated during, for example, anaerobic
digestion of wastes to biogas do not compromise the biometha-
nation system.*>** On the contrary, sulfur compounds and
trace metals act as growth nutrients and would, therefore,
be advantageous for the applied microbial culture, which are
methane-producing microbes (methanogens).

Third, the Sabatier process is a non-dynamic process that
cannot be quickly tuned or switched off and restarted during a
temporary lull in renewable power supply. On the contrary,
thermophilic biomethanation is known to be a dynamic pro-
cess, which was shown with a non-pure culture of methane-
producing microbes (methanogens) in a trickle bed bioreactor.**
Thermophilic methanogens (~65 °C) pause their metabolism
when at suboptimal thermal growing conditions (~ 25 °C). There-
fore, biomethanation can be switched off and on by cooling
and heating the fermentation broth, respectively, to manage the
requirement for a dynamic process.>® As a result, a smaller-
capacity hydrogen storage system can be installed upstream of
the bioreactors to make biomethanation a dynamic process,
which may result in considerably lower CAPEX. For the non-
dynamic Sabatier process, the CAPEX for hydrogen storage may
comprise 15-25% of the total CAPEX.>>

The biomethanation step utilizes methanogens as microbial
catalysts in bioreactors.*****” All isolated methanogens are
obligate anaerobes with a growth requirement to produce
methane®® and belong to the domain of Archaea.*® Hydrogeno-
trophic methanogens use carbon dioxide as the carbon source
and electron acceptor, and hydrogen as the electron donor,
and in biotechnology can be utilized at high rates for gas
fermentation.?® The carbon dioxide is reduced by using hydro-
gen to produce methane and water (eqn (3)) by going through
one round of the Wolfe cycle.*' During the Wolfe cycle, several
enzymes utilize the following coenzymes as Cil-carriers and
redox cofactors: methanofuran, tetrahydromethanopterin,
coenzyme M, coenzyme B, F44, and ferredoxin.**

Besides the advantageous dynamic behavior of thermophilic
methanogens, it was already known in the 1980s and 1990s
that thermophilic hydrogenotrophic methanogenesis with pure
cultures of Methanothermobacter thermautotrophicus achieved
very high kinetic rates.">** For example, Schill et al*>**
attained a volume of methane production per reactor volume
per day (VVD) of 163 L L' day * (4.5 g L' h™' at standard
temperature and pressure) based on the wet volume (Table 1).
Recently, a genetic system for M. thermautotrophicus was devel-
oped to possibly optimize the system and broaden the substrate
and product spectrum.*® Other thermophilic and hyperthermo-
philic (>80 °C) methanogenic strains were compared specifi-
cally for their characteristics as potential biocatalysts in power-
to-gas applications.*®

The previous studies with M. thermautotrophicus achieved
these high VVDs despite a low solubility of hydrogen into the
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liquid solution, and thus a sluggish hydrogen transfer rate,
which is the limiting factor of biomethanation. The solubility of
hydrogen at thermophilic conditions is lower than for meso-
philic conditions, which is a disadvantage, but this is overcome
by the higher conversion rates and the higher diffusibility for
hydrogen at thermophilic conditions. Regardless, the bench-
scale bioreactor systems utilized vigorous mixing in completely
stirred tank reactors (energy intensive),">™** and by increasing
the pressure.***” Scale-up with a mixed bubble column during
demonstration-scale projects maintained the high methane
production rates of the bench-scale systems at much-reduced
mixing intensities (conserving energy) due to the innate
increase of: (1) the gas residence time; and (2) pressure from
the added height of the liquid column compared to the bench-
scale bioreactor.”® This resulted in higher VVD rates while
maintaining a 98% methane content in the gas phase.*®*°
Based on these promising results, several companies are devel-
oping their first industrial-scale projects based on bio-
methanation.'"*%>°

Three other features besides the high VVDs make thermo-
philic power-to-gas applications more favorable compared to
mesophilic (~35 °C) conditions. First, there is a lower risk of
microbial contamination under thermophilic conditions when
pure cultures of methanogens are utilized. Second, there is a
lower cooling requirement for thermophilic conditions than for
mesophilic conditions because hydrogenotrophic methanogen-
esis is an exothermic (i.e., heat-generating) process.”” Third, as
a consequence of the exothermic metabolism, M. thermauto-
trophicus experiences an entropy-retarded growth.**°* The con-
siderable decrease in the entropy (conversion of 5 moles of
gases into 1 mole of gas and 2 moles of liquid water) is
overcompensated by enormous heat production (vast decrease
in enthalpy) by all hydrogenotrophic methanogens.”> This
means that growth is inefficient, while methane production is
efficient, which is advantageous for PtG processes.*” Entropy-
retarded growth was more pronounced for thermophilic (60 °C)
compared to mesophilic methanogens (39 °C), because the heat
produced to only compensate for the loss of entropy was 80%
vs. 50%, respectively.”® Indeed, Guneratnam®* found a higher
efficiency in methane production at 65 °C than at 55 °C with an
open culture of microbial consortia (i.e., reactor microbiome).

Power-to-fuel with syngas fermentation

Liquid energy carriers of chemical energy (i.e., fuels), such as
ethanol, can also be produced by placing the bioprocess after
an electrochemical system in a power-to-fuel (PtF) system. It is
possible to utilize two different types of electrochemical sys-
tems to produce: (1) hydrogen at the cathode of a conventional
electrolysis system plus augmenting carbon dioxide; and
(2) carbon monoxide and hydrogen at a cathode of a carbon
dioxide electrolysis system plus leftover carbon dioxide.’*>®
Carbon monoxide is one of the main constituents of synthesis
gas (syngas), with hydrogen and carbon dioxide as the other
pertinent gases. In addition to electrochemical methods to
produce syngas from carbon dioxide and water, other sources
are the: (1) production of basic oxygen furnace (BOF) gas during

This journal is © The Royal Society of Chemistry 2024
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steelmaking; and (2) thermochemical production of syngas
through solid-waste conversion. Regardless of whether carbon
dioxide electrolysis becomes mainstream, a vast volume of
syngas will be available with high concentrations of carbon
monoxide (PtF-syngas fermentation in Table 1). A syngas fer-
mentation industry is already maturing to produce fuels and
chemicals, such as ethanol, from syngas.”®>’

Due to thermodynamical reasons, 66% of the carbon leaves
syngas fermentation as carbon dioxide when syngas only con-
tains carbon monoxide.”® The carbon loss is decreased and
becomes even negligible when increasing quantities of hydro-
gen are added to the syngas mixture.”® For syngas fermenta-
tion, the ratios of hydrogen, carbon monoxide, and carbon
dioxide can be variable.?®*® That is why electrical-energy storage
by supplying syngas with external hydrogen from conventional
electrolysis during syngas fermentation is very lucrative - the
carbon atoms in the syngas can all end up in the fuel with lower
local carbon dioxide emissions as a result. The fuel from the
power-to-fuel system can be used again for electrical energy
generation as part of a true electrical-energy storage system.
However, the overall energy efficiency is disappointing (Table 1).
The fuel (the stored chemical-energy carrier) can also be utilized
for transportation or heat production. Regardless, the carbon in
the fuel will ultimately be oxidized again and released as carbon
dioxide. Thus, similarly to the power-to-gas system with biometha-
nation, energy-storage requirements and offsetting fossil fuels are
met (circular economy), but CCS requirements are not.

Similar to power-to-gas, both abiotic and biological pro-
cesses are available to produce liquid fuels from syngas. For
power-to-fuel, the Fischer-Tropsch process is analogous to the
Sabatier process from the previous section. In comparison, the
biological syngas fermentation process exhibits the same three
first advantages than biomethanation: (1) a lower operating
temperature and pressure; (2) a lower sensitivity to deactivation
by gas contaminants; and (3) a more dynamic behavior.
Furthermore, syngas fermentation has higher product specifi-
cities than the abiotic Fischer-Tropsch process. However, its
volumetric production rates are considerably lower, which is a
clear disadvantage of the biological process.

Acetogens are utilized as the biocatalyst for syngas fermen-
tation. These acetogens employ the Wood-Ljungdahl pathway
to reduce carbon dioxide as part of autotrophic growth.> In the
linear Wood-Ljungdahl pathway, carbon dioxide is reduced
into acetyl-coenzyme A through the methyl and carbonyl
branches. The electrons for this reduction are either derived from
hydrogen or carbon monoxide oxidation. Carbon monoxide can
enter the pathway directly in the carbonyl branch. Acetogens have
this in common with hydrogenotrophic methanogens; however,
the utilized coenzymes and enzymatic reactions are distinctively
different between methanogens and acetogens. The carbon from
the carbon dioxide is transferred and reduced by the following
coenzymes in acetogens: tetrahydrofolate, NAD/NADP, and ferre-
doxin. Acetyl-coenzyme A is then further converted into acetate
and other fermentation products.®

Wild-type acetogens in pure culture can produce ethanol,
which can serve as a fuel.™*? In addition, when combined with
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another wild-type bacterium in a co-culture, they can produce
different fuels such as n-butanol and n-hexanol.>*%*%*
However, for all these systems, fuels must be separated from
the fermentation broth by, for example, distillation, stripping,
or pervaporation,®® and the necessary energetic cost would
need to be taken into consideration when evaluating the overall
energy efficiency for electrical-energy storage.

Genetic engineering of acetogens is performed in academic
and commercial settings to generate other fuels or optimize gas
fermentation further. Heterologous pathways for novel fuels
from hydrogen and carbon dioxide or syngas are introduced
into the acetogen, and unwanted by-products can be avoided or
reduced by gene deletions.’®°® Researchers have developed and
optimized powerful genetic tools, such as different transforma-
tion protocols, gene deletions and regulation, and gene editing
with CRISPR/Cas technology, for Clostridium [jungdahlii and
Clostridium autoethanogenum.®”™”°

Some examples of the utilization of these genetic tools
to broaden and optimize the power-to-fuel platform are:
(1) increasing ethanol production by the deletion of the bifunc-
tional alcohol dehydrogenase in C. autoethanogenum;’*
(2) improving autotrophic growth by inactivation of one carbon
monoxide dehydrogenase in C. autoethanogenum;’> (3) imple-
menting vitamin prototrophy as an alternative for selection of
engineered strains in large-scale processes;’” and (4) producing
n-butanol, acetone, or iso-propanol as alternative fuels.’™”
In an extensive team effort to optimize pathways, strains, and
bioprocessing, Liew et al.”> achieved iso-propanol and acetone
production rates of ~ 3 g L' h™! at selectivities >90% at the
pilot-scale (Table 1).

Even when attaining the mature performance results of Liew
et al.,” the products of syngas fermentation consist of small
molecules with a carbon-chain length of only three carbon
atoms (C3). The reason for producing small molecules is that
acetogens grow under limited energy availability, which is a
characteristic of their anaerobic growth conditions. Therefore,
strategies need to be developed to boost the available energy for
the production of fuel that is longer in chain length.”* One
of these strategies may be to provide nitrate as an additional
electron acceptor instead of ammonia as the nitrogen
source”’® because it results in higher ATP production and
biomass growth. However, biochemical research is necessary to
understand the exact mechanisms. The study by Liew et al.”®
shows that the research around syngas fermentation is rapidly
maturing. Indeed, LanzaTech (Skokie, IL, USA), who was a
partner in that study, is already operating syngas fermentation
at industrial scales.

Other electrical-energy storage routes with acetogens

Acetogens are flexible when it comes to the gas mixture they
can be fed with, as explained above, but this does impact the
product specificities. Acetogens grow well with hydrogen and
carbon dioxide but do not produce as much fuel as when
carbon monoxide is present.”” Instead, the predominant pro-
duct from carbon dioxide and hydrogen is acetate, which, as an
intermediate, can still be utilized to generate chemical-energy
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carriers. Acetogenic bacteria can produce acetate in a first
anaerobic bioreactor, which then can be converted by, for
example, genetically modified yeast in a second aerobic bio-
reactor into lipids”® or other fuels,”® such as alkanes.®® This
may not necessarily lead to extraordinarily more energy con-
sumption for aeration because pure oxygen is already available
in excess from the conventional electrolyzer when co-located.
With such a system, renewable electrical energy can even be
stored as human food as part of a power-to-protein strategy.®’
In fact, acetogens efficiently reduces carbon dioxide into acetate
as an intermediate product towards carbon fixation with aero-
bic yeast or fungal cells.*

Another direct option to store renewable electrical energy in
chemical-energy carriers with acetogens is the accumulation of
formate by Acetobacterium woodii within the gas-fermentation
broth by an instrinsic enzymatic reaction with hydrogen and
carbon dioxide or syngas (Storing formate-acetogenesis in
Table 1). This can occur under specific growth-limiting condi-
tions at a volumetric production rate of 0.2 ¢ L' h™*
(Table 1),** by, for example, adding monensin, which is an
ionophore antibiotic, or by genetic modification.?* The enzy-
matic reaction is reversible,® which is ideal for storage because
hydrogen and carbon dioxide would be freed quickly from the
gas-fermentation broth again by consuming soluble formate in
the same bioreactor.® Researchers found that the hydrogen-
dependent carbon dioxide reductase (HDCR) from A. woodii or
Thermoanaerobacter kivui was responsible for formate for-
mation at superior efficiencies compared to metal catalysts.**
This enzyme is membrane-bound.®* Formate was formed and
oxidized again at a maximum concentration of 330 mM in an
A. woodii culture,® while E. coli accumulated a formate concen-
tration of 500 mM.%°

Rather than an enzymatic reversal to hydrogen and carbon
dioxide within a single fermentation tank with A. woodii or
T. kivui, dilute formate can be utilized as a substrate. For
example, the same acetogens can be utilized for chemical
production after changing the growth conditions, further
realizing the dynamic adeptness of this biological process.
Thus, when renewable electrical energy is plentiful, formate
can be quickly stored within the fermentation broth. Then, a
slower process of subsequent bioconversion into chemicals
(i-e., acetate) and cellular growth can be carried out by the
same acetogens, albeit a large part of the formate-bound
carbon will be rereleased as carbon dioxide due to thermo-
dynamic reasons, requiring the addition of hydrogen to prevent
such rerelease during the bioconversion step.

Section IlI: biology followed by
electrochemistry
The superior rates for electrochemistry represent an advantage

Placing the bioprocess before the abiotic electrochemical system
is another possible order to store electrical energy®” (Fig. 1B). The
bioprocess would first generate an intermediate product that is
then upgraded electrochemically into fuel with energy-storing
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Fig. 2 Examples for the biological step followed by electrochemistry: (A)
medium-chain carboxylates from microbial chain elongation are electro-
chemically converted using Kolbe electrolysis (decarboxylation and dimer-
ization) that yield hydrocarbons as drop-in fuels; and (B) long-chain
carboxylates from fermentation by Pseudomonas taiwanensis VLB120
pSBO1 with xylose as the substrate are electrochemically converted using
non-Kolbe electrolysis (decarboxylation without dimerization), which
yielded hydrocarbons that can be utilized as drop-in fuel additives. The
orange arrows depict reactions and electron flow at the anode (dischar-
ging of Kolbe and non-Kolbe reactions).

chemical bonds (Fig. 2). We first discuss the advantages of this
order for an example of chemical production (not a fuel). Then, we
discuss the first fuel-production strategy: coupling microbial
chain elongation with Kolbe electrolysis. Finally, we will discuss
the second fuel-production strategy: aerobic fermentation fol-
lowed by non-Kolbe electrolysis. Other strategies for fuel produc-
tion exist, which we will not further discuss because this review is
not exhaustive. These are, for example: (1) the fermentation to
oleic acid followed by an electrochemical decarboxylation;*® and
(2) the electrochemical upgrading of acetone into a drop-in fuel.*’

Generally, the production rates for biological systems are
relatively slow, with production rates of at least 1 g L™ h™* for
economically viable systems.’®®" This results in a relatively
large fermentation volume with relatively low parasitic
electrical-energy losses of approximately 3%.°>°* Therefore,
the bioprocess would operate continuously, even when the
supply/demand ratio of renewable electrical energy is low
(i.e., high electrical-energy pricing). On the contrary, electro-
chemical systems with much faster rates (100 mA ¢cm™> of
electrode area for product formation from carbon dioxide®),
but with an innate high electrical-energy consumption, can be

This journal is © The Royal Society of Chemistry 2024
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operated intermittently and only when the supply/demand ratio
of renewable electrical energy is high at low or even negative
electrical-energy pricing.

For commodity chemical production of polyamides and
polyesters (not for fuel production), the order of biology
followed by electrochemistry has already been studied.”®
Suastegui et al.°®> found that the fermentation of glucose to
muconate (i.e., a 6-carbon dicarboxylate) was 96x slower than
the electrochemical hydrogenation of muconate into 3-hexene-
dioate (i.e., a precursor for nylon-6,6), albeit both unit processes
were not optimized. Because of this considerable difference in
the production rate, this biology/electrochemical order repre-
sents a unique opportunity to take advantage of the dynamic
behavior of renewable electrical-energy supply. For example,
the biological system would continuously produce muconate,
whereas the electrochemical system would only need to be
powered 1% of the time to match the rate of biological
muconate production during low or negative electric pricing.
In case such a very low-capacity utilization percentage is
unfeasible, a system can be optimized with a continuously
operated large biological system and a relatively small electro-
chemical system that would operate most of the time but not at
periods of high electric pricing.

Microbial chain elongation and Kolbe electrolysis

Microbial chain elongation with reactor microbiomes in non-
axenic conditions can treat and upgrade a plethora of different
organic wastes or wastewaters to produce medium-chain car-
boxylates, including n-caproate (C6), n-heptanoate (C7), and
n-caprylate (C8).°*°” Reactor microbiomes are well equipped to
deal with the complexity and variability of organic compounds
because primary fermentation converts all polysaccharides,
proteins, and lipids into a pool of similar intermediates. They
are short-chain carboxylates, including acetate (C2), propionate
(€3), lactate (C3), and n-butyrate (C4), and some ethanol (C2),
with hydrogen and carbon dioxide as the intermediate gases.’®
A diverse community of microbes can perform this primary
fermentation step that includes hydrolysis and acidogenesis as
part of the carboxylate platform, which is similar to anaerobic
digestion of wastes to generate biogas.’®

The difference between anaerobic digestion and chain elon-
gation are the final steps in the anaerobic food web of the open
culture. These final steps are part of secondary fermentation.’®
For chain elongation to occur, acetoclastic methanogenesis
(eqn (4)) from anaerobic digestion should be entirely suppressed
by operating the bioreactor at: (1) mildly-acidic conditions (pH ~
5.5),” (2) relatively low hydraulic retention times;'%° or (3) condi-
tions of by-product inhibition of n-caprylate.'® Some hydrogeno-
trophic methanogenesis (eqn (3)) will still be active at mildly
acidic pH levels, which reduces the hydrogen partial pressure.
This is beneficial as long as the hydrogen partial pressure does
not drop below 1 kPa to prevent ethanol oxidation to acetate that
is not coupled to the reverse B-oxidation pathway (i.e., excessive
ethanol oxidation).'*

The reverse B-oxidation pathway replaces part of acetogenesis
and methanogenesis from anaerobic digestion by elongating
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short-chain carboxylates to medium-chain carboxylates. This
pathway utilizes ethanol (C2), lactate (C3), or monomers of sugars
(C5 or Cé6) as electron donors and carbon/energy sources. Adding
external electron donors to organic wastes is not always necessary,
which is a clear economic advantage.'® Below, the electron donor
ethanol and the electron acceptor n-butyrate to produce n-
caproate are used in example reaction (eqn (5)).

CH;COOH — CH,4 + CO, (4)

6C,H;0H + 5CH,CH,CH,CHOOH — 5CH;(CH,),COOH
+ CH,COOH + 2H, + 4H,0 (5)

Thiolase is an essential enzyme in the circular reverse
B-oxidation pathway, which condenses two acyl-CoA molecules.'*
Energy for bacterial growth is partly conserved through substrate-
level phosphorylation via oxidation of one of the six moles of
ethanol to acetate (eqn (5)). Additional energy for bacterial growth
comes from transport-coupled phosphorylation through the Rnf
complex and ATPases.’®'*® A phylogenetic-diverse group of bacteria
has the genetic capabilities to perform reverse B-oxidation, with
Clostridium kluyveri as the first representative that was studied.'*
Other pathways that are being investigated as potential routes to
n-caproate include the reversed tricarboxylic acid (TCA) combined
with the reverse pB-oxidation pathway and the fatty acid biosynthesis
pathway.'®”

Depending on the substrate composition, there might be the
need to add electron donors. For example, short-chain carb-
oxylates from the primary fermentation of food waste have been
converted into medium-chain carboxylates by adding external
ethanol.'®® This process has now been scaled up as a demon-
stration plant in the Netherlands with plans for an industrial-
scale plant.'®® However, when compounds in the organic waste
can be first converted into lactate through homofermentation,'*°
the external addition of electron donors may no longer be
necessary, which circumvents procuring ethanol.'® Similar to
anaerobic digestion, chain elongation can reach a high product
selectivity of >50%.'%>'"!

The mildly acidic conditions to prevent acetoclastic metha-
nogenesis have proven to be ideal for the in-line extraction of
the medium-chain carboxylate products by membrane-based
liquid-liquid extraction (i.e., pertraction).”® Eventually, the
carboxylates are extracted into an alkaline extraction solution
of pH ~ 9, which has been directly coupled to Kolbe electro-
lysis to store electrical energy in the chemical bonds of alkanes,
which are drop-in fuels (Fig. 2A).""> The extraction solution
from pertraction has shown to be a good connection point
between the relatively sluggish biological system (0.07 g L™ " h™)
and the fast electrochemical system (Chain elongation and Kolbe
electrolysis in Table 1). The natural product n-caproate can be
accumulated in the extraction solution until electrical-energy
prices drop. Periodically switching on Kolbe electrolysis then
reduces the n-caproate concentration by its conversion into a
mixture of hydrocarbons (mainly alkanes), which is innately
removed by phase separation. Kolbe electrolysis of n-caproate
also produces 1.8 x 10> g hydrogen per g of n-decane (1.3 mol
hydrogen per mol n-decane). For the calculation, we used the
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experimentally validated 70% and 90% Coulombic efficiency
for Kolbe electrolysis at the anode and the hydrogen evolution
reaction at the cathode, respectively.'**'!* Considering a car-
bon efficiency of 50% (mol C mol C™*) for the overall conver-
sion of waste substrate into Kolbe product by biological and
electrochemical conversions,''” the system generates 1.1 x
10~ g hydrogen per gram of carbon in the waste substrate
(6.4 x 10”2 mol hydrogen per mol carbon in the substrate). The
produced hydrogen can be utilized as described above.

The Kolbe reaction (Fig. 2A) during Kolbe electrolysis speci-
fically converts medium-chain carboxylates into alkanes by
electrochemical decarboxylation at the anode and dimerization
of the formed alkyl-radicals (eqn in Fig. 2A). Thereby, one
carbon atom per carboxylate is oxidized to carbon dioxide,
and is not included in the product. The carbon dioxide in the
off-gas could be recovered by utilizing the hydrogen that is also
generated. Interestingly, the Kolbe reaction was the first known
electro-organic reaction and can be performed at ambient
temperatures and in aqueous solutions, making it environmen-
tally benign."'®> Research on Kolbe reactions became sporadic
until recently.'’® In the 1980s, chain elongation had been
coupled to Kolbe electrolysis for the first time."'”''® Such
possible coupling to produce fuels from organic wastes has
recently made a renaissance,''>*!912°

At the current state of technology development, the alkaline
extraction solution from chain elongation achieves a total
medium-chain carboxylate concentration of ~1 mol L™". Dur-
ing proof-of-concept research with Kolbe electrolysis, the
concentration of the medium-chain carboxylates in this extrac-
tion solution was decreased to ~0.5 mol L™" within 5.5 h at
a carboxylate conversion rate of 2.1 x 10~* mol ecm > h™!
(per electrode area) after which the alkaline extraction can be
reused. A Coulombic efficiency for the Kolbe reaction of up to
80% was achieved under these conditions,''® which is the
efficiency of electrons from the electrical energy that ends up
in the fuel. This represented an energy input for the medium-
chain carboxylate-to-fuel conversion of 0.1 kW h mol™" at a
> 5 V potential difference and a current density of 72 mA cm™>.
The total electron efficiency (expressed in chemical oxygen
demand [COD] equivalents) of the entire coupled process -
from ethanol-rich corn beer to a hydrocarbon mixture (drop-in
fuel) - was roughly 0.5 g CODgye; € CODeorn beer , Which is
promising (Table 1)."*>

Low alkane accumulation during earlier preliminary work in
our groups and the work by others**" taught us that the existing
knowledge on the Kolbe reaction was not sufficient. The
influence of the environmental conditions on the anolyte, such
as the pH, had to be carefully assessed and optimized.'** More
importantly, the formation of agglomerates and micelle-like
structures hindered electrochemical conversion due to elec-
trode blockage.'®* In contrast, short-chain carboxylates do not
form the agglomerates and micelle-like structures at the elec-
trode surface, explaining why mixtures of carboxylic acids,
including ones with shorter chains, were advantageous.''*'"®
Kolbe electrolysis may require further alterations in the con-
figuration of the electrochemical system, such as flow-reactors
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or sonoelectrochemistry, which utilizes ultrasound in electro-
chemistry.** In the past, Kolbe electrolysis primarily utilized
platinum (Pt) electrodes. To reduce the CAPEX, platinized
titanium (Ti) instead of Pt was used for Kolbe electrolysis and
found to be highly efficient.'*® A recent breakthrough was made
through the use of rapid alternating polarity to limit pH
gradients at electrodes, which made Pt superfluous. The Kolbe
reaction occurred for diverse substrates with only amorphous
carbon such as reticulated vitreous carbon. However, acetone is
needed as a reaction solvent, and medium-chain carboxylates
as a reactant have not been tested yet.'*® In addition, the
overpotentials were high, resulting in a required potential
difference of 10 V,"*® which would lead to unsustainably high
power consumption rates and inferior energy efficiencies.
However, this potential difference could be lowered consider-
ably by, for example, improving the electrolytic conductivity
and by making the process continuous.'*’

Sugar-to-hydroxy acid bioconversion and non-Kolbe electrolysis

For the other type of reaction, which is referred to as a non-
Kolbe reaction (Fig. 2B), an acid moiety undergoes an electro-
chemical decarboxylation at the anode followed by radical
formation, which is similar to the Kolbe reaction. However,
no subsequent dimerization occurs, but rather a further loss of
a proton, yielding a carbocation (i.e., a positively charged
carbon atom on a carbon chain). This also forms hydrocarbons,
including alkanes and alcohols (eqn in Fig. 2), albeit with
shorter chain lengths than the Kolbe reaction. Depending on
the reaction conditions, ethers and esters can also be
formed."®® When the dimerization generates lengthy hydrocar-
bon products that may block the electrode, the non-Kolbe
reaction can be the preferred reaction compared to the Kolbe
reaction. Even with non-Kolbe reactions, carboxylic acids from
plant oils can only be converted when using, for example,
sonoelectrochemistry forming emulsions to allow sufficient
contact with the anode surface for the reaction to occur and
to remove the hydrocarbons from the electrodes.'*’

An example of electrical-energy storage combining a biolo-
gical step followed by non-Kolbe electrolysis was the conversion
of a glucose-rich medium (as a proxy for a sugar-waste stream)
to produce a drop-in diesel fuel (Sugar fermentation and non-
Kolbe electrolysis in Table 1)."*° The intermediate products
from the biological step were 3-hydroxy decanoic acid and
low amounts of 3-(3-hydroxy-alkanoyloxy)alkanoates from
fermentation with genetically modified Pseudomonas taiwanen-
sis VLB120 pSB01° at a volumetric production rate of
0.07 g L™' h™! (Table 1)."*" The non-Kolbe reaction had to be
performed in methanol as an organic solvent under alkaline
conditions to assure: (1) a sufficient solubility of the reactant;
and (2) a high selectivity for the final product.”*® The final
product mixture contained more than 90% C9 oxygenates (e.g.,
2-nonanone, nonanal, 1-nonanol, nonanal-dimethyl-acetal, and
methyl-nonanoate), possessing drop-in fuel-like qualities such
as a cetane number of 63.

Noteworthy, a complete conversion for non-Kolbe electro-
lysis was possible after 30 min with a selectivity of up to 95%

This journal is © The Royal Society of Chemistry 2024
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and 60% for a synthetic solution and a real fermentation
solution with 3-hydroxydecanoic acid (3-HDA), respectively.
However, this result was obtained with relatively low Coulom-
bic efficiencies of, for example, ~25% for the synthetic solution
with 3-HDA. With a shorter reaction time of 10 min rather than
30 min, higher Coulombic efficiencies of 71% were reported
for a synthetic solution. However, this resulted in a residual
substrate in the synthetic solution. Thus, work on a mecha-
nistic understanding, for example, by using online mass-
spectrometry,”**> and subsequent electrochemical engineering
at biologically compatible conditions would be necessary to
optimize the non-Kolbe reaction further.

Section lll: integration of biology into
electrochemistry

Electrochemical hydrogen production and integrated
biomethanation

Conventional water electrolysis is the unit process with the
highest CAPEX for the overall power-to-gas system that includes
biomethanation in a separate bioreactor,"*® even though the
cost of electrolysis is decreasing."' This is why academic
institutions and companies are working on integrating metha-
nogenic microbes within the catholyte of microbial electro-
chemical systems to combine biology and electrochemistry into
one system. It would circumvent drying and handling of
pressured hydrogen of conventional electrolysis altogether, as
discussed above, and possibly reduce the CAPEX. The field of
study is called microbial electrochemistry, and when carbon
dioxide is reduced at the cathode, it is called microbial
electrosynthesis.'***%?

Initially, integrating methanogenesis with the cathode of
electrochemical systems was thought to be a process with
direct-electron transfer between the electrode and the metha-
nogenic microbes,"*® which was referred to as electromethano-
genesis (Table 1). However, a mechanistic understanding of
this direct-electron transfer was elusive. Early work by Villano
et al.™*” showed that methane production at the cathode started
immediately when hydrogenotrophic methanogens from a
conventional fermenter without electrodes were introduced to
the cathode. The absence of a lag phase suggested that specific
membrane-located proteins to wire electrons through the non-
conductive membrane, which would be necessary for direct-
electron transfer, were either: (1) already expressed; or (2) not
necessary. If assumed that such membrane-bound proteins
would be energetically unfavorable for such microbes when
not used, the absence of a lag phase would indicate that
another electron-transfer mechanism was active (or at least
active at higher transfer rates) than direct electron transfer.

Therefore, a more likely electron-transfer mechanism for
electromethanogenesis is mediated-electron transfer with solu-
ble hydrogen or formate as intermediates. Hydrogen and for-
mate can be produced at the cathode and can be immediately
taken up and converted by methanogens to methane. This
results in very low concentrations of these intermediates,
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masking this mediated electron-transfer mechanism. Hydrogen
can theoretically be produced at pH 7 at a standard redox
potential of —0.414 V vs. a standard hydrogen electrode (SHE).
However, overpotentials push the potential of hydrogen evolu-
tion down to <—0.69 V vs. SHE. Certain enzymes such as
hydrogenases and formate dehydrogenases, which are located
at the membranes of methanogens, can reduce the overpoten-
tial. This opens the possibility of hydrogen production at less
negative potentials,"*® explaining why methane was produced
at the cathode with a potential of —0.65 V vs. SHE."*’

Deutzmann et al.'*® showed that these enzymes play a
pertinent role in electromethanogenesis by knocking out the
encoding genes in Methanococcus maripaludis. Without these
(de)hydrogenases, the mutant strain could not provide the
electrochemical advantage provided by the wild type. More
recently, Boto et al.'*® provided similar evidence for the aceto-
gen C. [jungdahlii. They observed that a planktonic culture
performed better than a biofilm culture in a microbial electro-
chemical system and further proving that hydrogen is the
mediator for electron transfer for microbial electrosynthesis.
These important results showed that the functional mechanism
of electromethanogenesis or microbial electrosynthesis is
mediated-electron transfer with hydrogen as the most likely
intermediate to guarantee faster rates. The results do not
dispute the existence of direct electron transfer for certain
groups of methanogens. In fact, in very specific natural envir-
onments, methanogens could take up electrons from conduc-
tive materials at relatively low rates.**"

Even though hydrogenases and formate dehydrogenases
provide a valid electrochemical advantage at the cathode,"*’
Kracke et al.'** electro-plated biocompatible metals, such as
nickel molybdenum (NiMo), at the cathode to further reduce
the overpotential. In a follow-up paper, they achieved a VVD of
1.4 L L' day " and a Coulombic efficiency of 90% with NiMo
and M. maripaludis in a microbial electrochemical system,'*?
which was further improved to 2.2 L L™ " day * and a Coulom-
bic efficiency of 99% with 3-D printed electrodes.'** This
translated to an electrode-surface-area-corrected current den-
sity of 0.72 mA cm ™2 and is in the range for which hydrogen
bubble formation was circumvented.

However, beyond 1 mA cm™ 2, which is necessary for an
economically viable scale-up, hydrogen bubble formation
would prevent biofilm formation and a high Coulombic effi-
ciency.'** Increased overpotentials and many other problems
due to bubble formation at electrodes are not only a limitation
for biological electrochemical systems but for all abiotic elec-
trochemical systems and are not always fully acknowledged.'*®
On the other hand, when controlled and understood well in
abiotic electrochemical systems, bubble formation has led to
benefits such as a superior transport of reactants."*> Kempler
et al.,**® for example, were able to reduce overpotentials by
changing the high-surface-area three-dimensional structures of
electrodes, leading to the well-distributed formation of small
oxygen bubbles. Thus, bubble formation may create very spe-
cific problems and opportunities around biofilm formation in
microbial electrochemical systems. Modeling has shown that
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active biofilms can, in principle, achieve high current densities
for microbial electrosynthesis."*” In that case, bubble formation
should be prevented to maintain hydrogen in the soluble form
and to maintain a proper biofilm (it will be sloughed off during
bubble formation)."**

A superior electrochemical configuration for electrometha-
nogenesis, which is called a zero-gap cell design,"*® was utilized
by Geppert et al."*® They set a current density of 3.5 mA cm >
with Nickel as a cathode catalyst, and achieved a VVD of
12.5 L L' day ' at a 64% Coulombic efficiency, but only for
a day. Baek et al."*° included a vapor-fed anode system to the
zero-gap cell design to limit the pH imparity across the mem-
brane and reached a VVD of 2.9 L L " day ' (0.09 gL ' h™"in
Table 1) for several weeks at a current density of 1.7 mA cm >
with a Pt catalyst."”® A 1.5-3.5 mA cm ™2 applied current density
was, until recently, a relatively high current density for a
microbial electrochemical system, but it is very low compared
to an abiotic carbon dioxide electrolyzer, which may be oper-
ated at 250 mA cm 2. However, for an industrial-size commer-
cial translation, a current density of 50-100 mA cm™ > may be
necessary. ">

Fortunately, a much higher current of 30 mA cm™
applied with a hybrid zero-gap cell design, reaching 2.2 V, with
a pentlandite-type cathode catalyst (Fe;Ni;Co3Sg).*>* It is doubt-
ful that this hybrid system is a true microbial electrochemical
cell because the cathode is shielded from the methanogenic
culture broth (identified as the catholyte in the paper) by
a hydrogen-diffusing Teflon layer. Regardless, the VVD was
2.4 L L7' day "' at an estimated Coulombic efficiency of
~70% for ~200 days. With the Teflon layer, the principle is
reminiscent of a vapor-fed cathode system by Rossi et al.'>® in
an abiotic zero-gap cell: (1) maintaining a wet cathode (with
water from the anolyte crossing the membrane); (2) getting rid
of the gas product (with hydrogen diffusing through a Teflon
layer); and (3) relinquishing a catholyte (by shielding the
fermentation broth with Teflon). It is important to understand
the advantage of this hybrid system'®*> compared to placing
water electrolysis before fermentation or whether the miniaturi-
zation effort for the hybrid zero-gap cell design is an advantage
at the bench only. Possibly, not having to dry hydrogen and deal
with pressurized hydrogen could be the advantage (as men-
tioned above).

2 was

Electrochemical formate production and integrated biological
conversion

Similar to power-to-gas with biomethanation, the separate
fermentation after a carbon dioxide electrolysis system could
also be integrated within the electrochemical system as part of
the power-to-fuel system, which was mentioned earlier for
carbon monoxide.*”® Carbon monoxide and hydrogen could
also be produced at the cathode of a microbial electrochemical
system after which a biological conversion within the catholyte
would occur. A first proof-of-concept has now been published
around this concept.">* An abiotic carbon dioxide electrolysis
system can, in addition to carbon monoxide, produce formate,
methanol, acetate, ethanol, and ethylene.*
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Of these products, the electrochemical reduction of carbon
dioxide to formate at the cathode (eqn (6)) has been integrated
with biology in different ways (Electrochemical formate produc-
tion in Table 1)."*° Li et al.*>® pioneered the use of an electro-
chemical system with an indium cathode to produce formate
and introduced Ralstonia eutropha H16 as the production
host to obtain isobutanol and 3-methyl-1-butanol as the fuels.
Indium possesses a relatively high selectivity for formate.*>”**
However, the electrochemical reduction of carbon dioxide into
formate at the indium cathode needed to be further optimized
to occur under biocompatible conditions (i.e., ambient tem-
perature, ambient pressure, and neutral pH).">'°°

CO, +2H" + 2¢” - HCOOH (6)

Under biocompatible conditions, but without the presence
of microbes, Hegner et al.'® demonstrated that a formate
production rate of ~0.25 mmol cm > h™"! was achieved with
an electrical-energy consumption of ~0.142 kW h per mole of
formate, a Coulombic efficiency of 83%, and a current density
of 16 mA cm>. For a different study, the formate production
rate and the current density decreased from ~0.06 to
~0.04 mmol em ™2 h™*! and from 3.5 to 2.8 mA cm ™2, respec-
tively, during the scale-up from 50 mL to 1 L."*"

Finally, the team integrated the optimized electrochemical
reduction of carbon dioxide to formate and a biological catalyst,
namely, the modified Methylobacterium extorquens AM-1 strain, to
produce the C5-polymer precursors mesaconate and 2S-methyl
succinate in one pot (1-L wet volume) but during sequential
production periods. This resulted in a maximum formate pro-
duction rate and current density of ~2.8 pmol cm~> h™" and
1.3 mA cm™ > (Table 1), respectively, at a Coulombic efficiency
of 13% due to ample hydrogen production (87%), which is
6.7 mol hydrogen per mole formate produced (0.29 g hydrogen
per g formate produced). The conversion rate of formate during
the biological period equaled the formation rate of formate
during the electrochemical period, resulting in a mesaconate
production rate of 0.179 pmol L' h™" (2.3x107° g L™ h™*
in Table 1) and a 2S-methyl succinate production rate of
0.129 pmol L' h™" (2.1 x107% g L™" h™")."®* Similar to inte-
grated biomethanation, current densities are considerably lower
for the integrated systems than the 50-100 mA cm ™ that would
be necessary for an economically viable technology.

Energy storage in rechargeable microbial electrochemical
systems

Rather than converting electrical energy in one direction into
chemical bonds for energy storage with integrated systems, it is
also possible to reversibly store electrical energy into biofilm
electrodes using electrochemically active bacteria.’®® A very
early study worked on this storage concept in the 1990s."®*
First, the system was charged during which microbial sulfate
reducers converted soluble sulfate into sulfide, which precipi-
tated the sulfide on a metal-oxide-coated, three-dimensional
electrode as an insoluble transition metal sulfide. This metal
sulfide acted as the electric-energy storage compound because

This journal is © The Royal Society of Chemistry 2024
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it was re-oxidized to sulfate after connecting the anode with an
oxygen cathode, rereleasing the electrical energy in a microbial
fuel cell.'®* After this first example, other rechargeable micro-
bial electrochemical systems were developed, which we distin-
guish here in: (1) capacitive-; (2) pseudocapacitive-; and
(3) metabolic-charge storage, based on their physical basis.

Capacitive-charge storage (first charge storage) is based on
the reorientation of the electrochemical double layer at the
electrode-solution interface upon a polarity change of the
electrode and does not involve Faradaic (i.e., redox) reactions
(Fig. 3A and Table 1). As an abiotic mechanism, it does not rely
on and does not require a biological activity for its functioning.
As a first example, fungal cells, such as the mycelium of the
grey-oyster fungus Pleurotus ostreatus on wet wood shavings,
increased the capacitance from 57 to 189 pF compared to the
wood shavings alone with a 10-mm electrode spacing.'®® Using
these values, in combination with the applied charge/discharge
voltage of 50 V, a corresponding charge capacity increase from
2.9 to 9.5 nC can be calculated. However, due to missing data
on electrode dimensions, no surface area values can be derived.
A second example is the utilization of open cultures of electro-
chemically active bacteria in biofilms of microbial electroche-
mical systems.'®® However, we do not report quantitative
numbers here from this work because the authors only provided
cumulative capacities recorded over a series of discharges. Due to
the relatively minor charge density (i.e., current density x time) of
the electrochemical double layer, capacitive electrodes require a
large electrochemically active surface area, realized by, for exam-
ple, an activated-carbon coating.’®” Thus, carbon granules of a
specific surface area of 2000 m® g~ have a specific double-layer
capacitance in the order of 100-150 F g ' (Capacitive charge
storage in Table 1).'%®

The concept of capacitive-charge storage could find an
application in microbial electrochemical systems for which
the fluidized bed (i.e., moving bed) capacitive granules, which
are made of activated carbon, are not in permanent contact
with the current collector. Therefore, charge storage becomes
essential.'®® This fluidized-bed system was limited by the
electrical resistance rather than the ionic resistance of counter
ions at the current collector."”®

Faradaic processes form the basis for pseudocapacitive-
charge storage (second charge storage), which is based on the
reduction and oxidation of surface-confined redox species
(Fig. 3B and Table 1). For an electrochemically active biofilm,
pseudocapacitance is caused by a reversible charge and dis-
charge of microbial redox compounds such as extracellular,
outer-membrane, and periplasmatic cytochromes or adsorbed
flavins.'®® For example, Malvankar et al'”' proposed using
Geobacter sulfurreducens biofilms, which contain relatively high
concentrations of c¢-type cytochromes, as the basis for bio-
electrochemical supercapacitors. Of note is that the term super-
capacitor generally describes electrochemical elements exploiting
both capacitive and pseudocapacitive processes. They achieved a
biofilm capacitance of 589 uF cm """ Subsequently, a similar
value of 450 pF cm~> (Pseudocapacitive charge a in Table 1) was
also achieved by ter Heijne et al.'’””> The charge density of such
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Fig. 3 Modes of charge storage in biofilm electrodes: (A) capacitive-
charge storage upon reorientation of the electrochemical double layer
at the electrode—electrolyte (biofilm) interface; (B) pseudocapacitive-
charge storage via reduction and oxidation of reversible electron carriers,
such as the cytochrome pool, within electrochemically active bacteria and
their biofilms; (C) metabolic-charge storage within microbial cells by
producing and consuming a polymer; (D) metabolic-charge storage out-
side of the microbial cell with sulfur compounds either with a metal
hydroxide complex (left side of electrode) or with polysulfide (right side
of electrode); (E) metabolic-charge storage outside of the microbial cell
with ethanol in a biofilm; and (F) metabolic-charge storage outside of the
microbial cell with acetate in a biofilm. Green arrows depict processes and
reactions during charging, while orange arrow depict processes and
reactions during discharging. The cell membranes were created with
BioRender.com.

biofilms can be derived via integration of the oxidation and
reduction signals of the respective non-turnover cyclic voltammo-
grams, yielding values between approximately 0.88-2.4 mC cm >
(Pseudocapacitive charge b in Table 1).">'”* The advantage of
capacitors and pseudocapacitors lies in the fast charge and
discharge process and the high degree of electrochemical rever-
sibility (low overpotentials). Unfortunately, the ability to store
charge is limited because of the restricted number of cytochromes
in the biofilm.

Metabolic-charge storage (third charge storage) overcomes
this limitation by exploiting a reversible microbial-metabolism
trait with electrochemically active bacteria (Fig. 3C-F). We will first
discuss the reversible charge storage within bacterial cells and
then outside the cell. A magnetosome-battery hypothesis had
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been developed during evolutionary studies, with the postulation
that reversible biomineralization of magnetite or greigite within
the bacterial cells could produce energy for these bacteria.'”®
However, it is not yet clear whether the internal reduction and
oxidation of biominerals can be used for electrical-energy
storage.'”® Such cellular energy storage within bacterial cells
is possible with organic polymers such as polyhydroxyalka-
noates.”””7® As a proof-of-concept, a sugar (i.e., glucose and
fructose) was first converted to an organic polymer, which is
oxidized, releasing electrons and carbon dioxide at the anode. For
this to work as storage, however, instead of a sugar, carbon
dioxide would need to be first reduced with electrical energy into
a polymer, which would then need to be oxidized again, freeing
the stored electrical energy (Fig. 3C).

Three different approaches for metabolic charge-storage
elements with compounds outside of the bacteria cell have
been published to store energy in: (1) an insoluble precipitate,
which we exemplified above for the first rechargeable microbial
electrochemical system;'®*'®° (2) a bacterial biofilm;'®"'%* or
(3) the adjacent medium solution."®*"® For the first approach,
the central biochemical step is the formation of sulfide by
microbial sulfate reduction before sulfur-rich compounds are
stored. Two different sulfur-rich storage compounds have been
tried (Metabolic charge storage 1a-b in Table 1): (i) Habermann
and Pommer'® utilized metal hydroxide-coated electrodes
to precipitate and accumulate metal sulfide into a three-
dimensional electrode as the charging step, with a subsequent
re-oxidation to sulfate as the discharging step (left side of
Fig. 3D). At pH 7, the charge storage capacity was 72 C cm™>
(and up to 650 C cm ™2 at pH 9) at a three-dimensional electrode
with an estimated current density of 4-11 mA cm > during
a transient discharge curve (Metabolic charge storage 1a in
Table 1);'%* (ii) Izadi et al'®® utilized the precipitation of
elemental sulfur at the electrode surface via abiotic anodic
sulfide oxidation. As a solid-state-electrochemical process, this
sulfur was then reduced to polysulfide (charging) and oxidized
back to sulfur (discharging) (right side of Fig. 3D). The experi-
mental results show a charge-storage capacity of 3.4 C cm™>
and an estimated current density of 3 mA cm > at a planar
electrode (Metabolic charge storage 1b in Table 1).

For the second approach, Yates et al.'®' applied a switchable
electrochemically active biofilm, which was isolated from the anode
of a marine-sediment microbial fuel cell and capable of microbial
electrosynthesis to store carbon dioxide and after polarity switch-
ing, to rerelease carbon dioxide (Metabolic charge storage 2 in
Table 1). Energy storage in such biofilm resembles the concept of a
classical rechargeable battery. They referred to this biofilm as a
Cathode-Anode (CANode) biofilm with a Desulfobulbaceae mem-
ber as a functionally active microbe to take up electrons as
hydrogen at the cathode to produce ethanol from bicarbonate
and to get rid of electrons by ethanol oxidation at the anode
(Fig. 3E)."®> Regardless of the mechanism, steady-state charging
and discharging current densities of 0.14 mA cm ™2 and estimated
storage capacities of 170 mC cm ™ were achieved (Table 1)."*"'%*

For the third approach, Molenaar et al'®® developed a
storage technology that was composed of two hydraulically
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connected microbial electrochemical systems. The approach
resembles a reversible fuel cell or a so-called redox-flow battery
(Metabolic charge storage 3 in Table 1). For charging, an
electrochemically active biofilm at the cathode in the first
system reduces carbon dioxide from bicarbonate to acetate,
which increases in concentration in the microbial electrolyte
solution."®* For discharging, the acetate is re-oxidized from the
microbial electrolyte solution by an electrochemically active
biofilm at the anode of the hydraulically connected second
system (Fig. 3F). At the counter-electrode side of both systems, a
ferri-/ferrocyanide electrolyte solution was used, allowing
an electrochemically reversible redox process. The microbial
electrolyte and the ferri-/ferrocyanide electrolyte solutions can
circulate between the two microbial electrochemical systems.
A later study from the same team developed a three-compartment
microbial electrochemical system with the ferri-/ferrocyanide
electrolyte in the middle to circumvent the circulation of this
electrolyte solution to achieve a current density of 0.5 mA cm™>
(Table 1).'%?

Outlook

Efficient storage technologies for electrical energy are essential
for the transition of our societies to a renewable-based and
circular economy because the load of the electric grid has to be
managed. Biology can play an important role. In this outlook
section, we will follow the organization of the main text and
Table 1 to discuss research needs and possibilities to make the
combination or integration of electrochemistry and biology
into a viable energy storage option. Electrolysis of water
is in an advanced stage; however, for implementation, post-
processing steps, such as drying the gas, must be taken into
consideration, as mentioned in the text. Combining and
placing a water electrolysis unit before a bioreactor within a
power-to-gas process for biomethanation already offers a way of
storing electrical energy into the chemical-energy carrier
methane, with enormous storage capacities in existing natural
gas grids. This advanced technology can already be implemen-
ted on a large scale with an estimated technology readiness
level (TRL) of 7/8 (Table 1). Still, research areas that include
genetic modification of the pure methanogenic culture could
lead to either side product formation with methane as the main
product for ATP production or other reduced-product for-
mation without methane production. Synthetic and systems
biology techniques are needed for the latter to make sure that
enough ATP is produced.

One of the main advantages of methane production is that
no product extraction is necessary because methane freely
bubbles out of the fermentation broth. This is different when
a different product, such as isopropanol, is produced with
syngas fermentation. For any of the liquid fuels, extraction
and separation technology as part of an elaborate post-
processing system is necessary, which is often one of the most
sensitive parameters in a techno-economic analysis. Therefore,
research projects on product extraction and separation

This journal is © The Royal Society of Chemistry 2024
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technology are as important as optimizing fermentation and
should be performed simultaneously during development.

Kolbe electrolysis can play a role in post-processing as well
because the electrochemical conversion into a more hydropho-
bic product leads to easier extraction from the fermentation
broth. This is what occurs when a medium-chain carboxylate is
converted into a longer alkane, resulting in innate phase
separation. Research on Kolbe and non-Kolbe electrolysis is,
therefore, important, especially because this has been an under-
represented research area and a similar intensive research
trajectory is necessary as it was for water electrolysis to lower
the overpotentials for acceptable energy efficiencies. Another
area of research is to find out why Kolbe electrolysis often works
better with synthetic substrates than real substrates. Low con-
centrations of fermentation side products may prevent a proper
Kolbe reaction. Finally, even though Kolbe electrolysis after
fermentation could be advantageous due to the possibility of
intermittent power utilization based on electric power pricing,
Kolbe products (fuels) are considerably cheaper than medium-
chain carboxylates. This destruction in value currently prevents
scale-up efforts and further development. Possibly an advanta-
geous and cheaper extraction with Kolbe electrolysis could partly
overcome the destruction in product value.

Electromethanogenesis, within the area of microbial elec-
trosynthesis, has seen considerable improvements in current
densities and methane production rates in recent years. The
transfer of the zero-gap cell design from abiotic electro-
chemistry to microbial electrochemistry has driven this. A recent
solution to completely protect the cathode catalyst from biology by
introducing a hydrogen-diffusing Teflon layer within the zero-gas
cell design has even further increased the current densities to
30 mA cm™%.'®> However, this raises the question of whether this
is even a microbial electrochemical cell and why not just combine
electrochemistry followed by biology (power-to-gas with biometha-
nation). Thus, researchers in the field of microbial electrochem-
istry now need to considerably improve the production rates of
microbial electrochemical systems to be on par with abiotic
electrochemistry, while electrochemistry is still truly integrated
with biology.

Specifically for microbial electrochemistry, there seems to
currently be a discrepancy between a maximum current density
of 1 mA ecm™? to circumvent bubble formation of hydrogen at
the cathode'** and a required current density of 50-100 mA cm >
to make the technology economically viable,"" as described
earlier. To close this gap, we can envision two different research
directions for microbial electrochemistry, which is in agree-
ment with Jourdin and Burdyny.'*” The first direction promotes
active biofilms by developing high-surface-area, three-dimensional
structures of cathodes, which reduce the needed specific current
density per actual surface area, and which would evenly distribute
only small bubbles if they are even formed. The second direction
prevents biofilm formation all together, possibly with new catalyst
layers, and bubble formation could aid in preventing biofilm
growth. Without biofilms, we can simply recirculate planktonic
methanogens from a bioreactor as the catholyte to take up the
soluble hydrogen. The short contact time between planktonic
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cells and cathodes could reduce the stress that the microbes
would encounter, however, care should be taken that all
hydrogen is taken up to maintain high Coulombic efficiencies
(and thus energy efficiencies) with increasing current densities.
Staying within the area of microbial electrosynthesis, electro-
chemical formate production that is integrated into a bioreac-
tor shows limited current densities and a severe incompatibility
problem. Here, detailed research on the (detrimental) effect of
media components on performance is required, but without
pertinent breakthroughs, it is hard to imagine as a promising
energy storage.

The current densities for charge storage systems are also too
low. In fact, energy storage in rechargeable microbial electro-
chemical systems is still in its infancy. Due to the underlying
physical restrictions and limited biofilm thicknesses, capacitive
and pseudocapacitive energy storage in biofilm electrodes
appears to be the most limited and can only be increased by
using three-dimensional electrode structures. The use of these
systems explicitly as energy storage systems appears to make
little sense, particularly in comparison to conventional capaci-
tors and rechargeable batteries. The higher charge densities
have been achieved by exploiting inorganic compounds (e.g.,
elemental sulfur or sulfur compounds) that are being produced
by microbial metabolism (Metabolic charge storage 1 in
Table 1). Research efforts could, in the long-term, achieve
storage capacities in the range of conventional rechargeable
batteries. Yet, important issues, such as the improvement of
electrochemical reversibility and chemical stability in a micro-
bial environment, must be addressed.
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