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Electricity from fuels can be produced via 2 fundamentally different methods: By burning

them to spin generators, or by direct abstraction of electrons at catalysts. The future

is the flame-free production of electricity via catalysis, whereby the maximal theoretical

yield scales inversely proportional to the process temperature. Low temperature fuel cells

are thus needed, but they are not available for hydrocarbons due to the recalcitrant C-H

bonds present in alkanes. Fuel cells for alkanes typically require process temperatures

higher than 600◦C. The microbial pathway of anaerobic alkane oxidation, on the other

side, converts alkanes reversibly to single electrons and CO2 at temperatures as low

as 4◦C. In this perspective, I suggest to utilize this microbial metabolism for catalytic

alkane oxidation at low temperatures, in order to convert alkanes to electricity with

possibly higher thermodynamic efficiencies as current technologies. Alkane oxidation

is partitioned into a biocatalytic (microbial) step to cleave the C-H bonds, and into

an electrochemical step for harvest of electricity. In the biocatalytic step, the alkane is

oxidized to CO2 and the resulting electrons are loaded onto an electron carrier. Electricity

is then generated from the electron-carrier via fuel cells. Due to the intrinsic reversibility

of the biochemical pathway, the whole process may be reversed to convert excess

electricity (e.g., from solar or wind) with CO2 to alkanes, which is particularly interesting

for the alkanes ethane, propane or butane that are easily liquefiable and storable.

Keywords: archaea and bacteria, biocatalyis, fuel conversion efficiency, electron transfer (redox reactions),

microbial fuel cells (MFC), sustainable electricity production, power to gas, anaerobic oxidation of methane (AOM)

GENERATION OF ELECTRICITY FROM FUELS

Our society got heavily dependent on un-interrupted availability of electricity, our most versatile
form of energy. Production of electricity from fuels can be performed via 2 fundamentally different
methods. The first and currently dominating procedure is to burn the fuel and spin generators that
produce electricity. The second method, discussed in this document, relies on catalytic oxidation
of the fuel thereby directly abstracting electrons as carried out in fuel cells. The thermodynamic
efficiency of catalytic electricity production scales inversely with temperature: The lower the
process temperature, the higher the maximum amount of electricity that can be extracted. For
hydrocarbons, fuel cells typically operate at temperatures above 600◦C (O’Hayre et al., 2016). Low
temperature fuel cells (T < 100◦C) exist only for hydrogen and for a few uncommon fuels, such as
methanol or formic acid (Gold, 2012).

In this perspective, I discuss a possible solution for catalytic electricity production from alkanes
at cold temperatures, using the recently discovered process of microbial alkane oxidation with
release of single electrons. The system proposed is a derivative of a mediated microbial fuel cell.
Toward the end of this document, I describe how this biochemistry can possibly be reversed to
convert excess electricity (e.g., from wind or sun) to alkanes as storage compounds.
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MICROBIAL ELECTRICITY PRODUCTION
FROM ALKANES

Certain microbes are capable of producing or taking up single
electrons (Lovley, 2012). Recently, microbes of the domain
archaea from the deep-sea (Figure 1A) have been reported
to make a living by oxidizing methane to CO2, concomitant
with transfer of electrons via electrical conductance to partner
microbes that reduce sulfate (McGlynn et al., 2015; Wegener
et al., 2015). Shortly after, related microbes were described
carrying out the analogous reaction for the higher alkanes
propane and butane (Laso-Pérez et al., 2016). In the microbial
communities responsible for this process, the overall reaction
of alkane oxidation with sulfate as the oxidant is partitioned
such that each type of microbes carries out one half reaction
(Figure 1B).

The microbial setup resembles a fuel cell in which archaea
are the anode (red) and bacteria the cathode (green). In
microbiology, this type of syntrophy is called direct-interspecies-
electron transfer (Lovley, 2017). Electrical current is enabled
by conductive biological structures such as multi-heme-c-type
cytochromes (Pirbadian and El-Naggar, 2012), or different types
of conductive “nano-wires” (Gorby et al., 2006; Wegener et al.,
2015). Reported half reactions of alkane oxidation with release of
single electrons are equations 1, 3 and 4:

(1) CH4 + 2 H2O= CO2 + 8 e− + 8 H+ (E◦′ =−245 mV)
(2) C2H6 + 4 H2O= 2 CO2 + 14 e− + 14 H+ (E◦′ =−272 mV)
(3) C3H8 + 6 H2O= 3 CO2 + 20 e− + 20 H+ (E◦′ =−278 mV)
(4) C4H10 + 8 H2O = 4 CO2 + 26 e− + 26 H+ (E◦′ = −280

mV)

These reactions are the same as at anodes of solid oxide fuel cells,
but they proceed at 4◦C instead of at >600◦C.

APPLICATION OF MICROBIAL
ELECTRICITY PRODUCTION FROM
ALKANES

To harvest the biochemically produced electrons, the bacteria
that naturally consume them (Figure 1B, green) need to be
replaced. The classical way is to replace the bacteria by a
fuel-cell cathode in one device (bio fuel cell), in which the
compartments are separated by an ion-conductive membrane
(Logan et al., 2006; McAnulty et al., 2017; Schröder andHarnisch,
2017). An alternative approach is replacing the bacteria by
an auxiliary redox reaction, which is described here in more
detail. Such a system corresponds to a mediated microbial fuel
cell, whereby microbes are used to convert the fuel into a
compound that can be easily utilized in a conventional fuel
cell. A soluble electron carrier (Fultz and Durst, 1982) connects
the biological step of alkane oxidation with the electrochemical
step of oxygen reduction, allowing the 2 half-reactions to be
spatially separated. The chemically challenging step of alkane
oxidation and transfer of the electron to a soluble electron
carrier has been achieved for the alkane methane (Scheller et al.,

2016) utilizing the electron carrier Q = 9,10-anthraquinone-2,6-
disulfonate, AQDS, E◦′ = −186mV, as illustrated in Figure 1C.
This reaction means that the fuel methane is converted to the
fuel QH2, from which electricity is harvested by a fuel cell. The
homologous biochemical reaction should be possible for higher
alkanes as well, but such experiments have not been reported
to date.

EXAMPLE OF A TWO-STEP PROCESS FOR
METHANE TO ELECTRICITY

The 2-step set-up presented here has the advantage that microbes
are not directly connected to the electrode (easier to implement
system and to exchange the microbes), but the disadvantage
that some amount of additional energy is utilized to pump the
mediator from the bioreactor to the fuel cell. A separated 2-step
process is described here and not an unmediated microbial fuel
cell, because there is proof of principle for the reaction shown
in Figure 1C, unlike for such microbes directly attached to an
electrode.

The overall process of methane oxidation with air, equation 5
(E◦′ = −0.245V for CH4/CO2 and E◦′ = 0.815V for H2O/O2),
is divided into a biochemical reaction (equation 6) and an
electrochemical reaction (equation 7).

(5) CH4 + 2 O2 = CO2 + 2 H2O (1E◦′ = 1.060 V)
(6) CH4 + 4 Q + 2 H2O = CO2 + 4 QH2 (1E◦′ = 0.059V, for

Q= AQDS)
(7) 4 QH2 + 2 O2 = 4 Q + 4 H2O (1E◦′ = 1.001V, for Q =

AQDS)

In the biochemical reaction (equation 6), the energy carrier
methane is converted into the energy carrier QH2. Proof of
concept for the biochemical reaction (equation 6) has been
obtained with environmental microbes in batch mode at 1ml
scale (Scheller et al., 2016). From the energy carrier QH2,
electricity can then be harvested (equation 7), similar to flow-
batteries that use the same electron carrier but Br2/HBr at the
cathode (Huskinson et al., 2014).

The overall set up may be realized by feeding a bioreactor
with medium that contains dissolved methane and the soluble
electron carrier (Figure 2). In this set-up, which has not yet
been done in large scale due to lack of the biocatalyst (see
“research needs”), the microbes are immobilized in a packed
bed reactor. The outlet of the bioreactor contains the soluble
reduced electron carrier (QH2) and dissolved CO2. The CO2 is
separated and used for other purposes or stored, and the reduced
electron-acceptor enters a fuel cell operating with air in the
cathode.

ASSESSMENT OF THERMODYNAMIC
EFFICIENCY FOR METHANE TO
ELECTRICITY

The overall thermodynamic efficiency depends on the maximal
theoretical efficiency (see part A), and on losses (see parts B-D)
as described below for the alkane methane.
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FIGURE 1 | Alkane oxidation by environmental microbes. (A) Microscopy picture of a microbial aggregate that performs methane oxidation coupled to sulfate

reduction [from Reference (Boetius et al., 2000)]. Red microbes = methane-oxidizing archaea, green microbes = sulfate-reducing bacteria. (B) Process of alkane

oxidation by environmental archaea (red) with electron transfer to sulfate-reducing partner bacteria (green). (C) Coupling of alkane oxidation with the reduction of

synthetic electron carriers (Q), as demonstrated for the alkane methane (Scheller et al., 2016).

FIGURE 2 | (A) Proposed system for electricity generation from methane via a

two-step process involving biocatalysis (left side) and electrochemistry (right

side) (Scheller et al., 2018). (B) Division of energy (redox-potential difference)

from methane oxidation with air (equation 5) into a biochemical step of fuel

conversion (red, equation 6), followed by an electrochemical step of electricity

harvest (blue, equation 7).

A) Theoretical maximum of overall process

The maximal theoretical efficiency (methane oxidation with air)
corresponds to 1G/1H, whereby 1G depends on the process
temperature according to equation 8:

(8) Maximal extractable electrical energy= 1G= 1H –T1S

whereby 1H is the enthalpy of the process (1H = −890.3 kJ
mol−1) and1S is the reaction entropy (−242.4 J mol−1 K−1) and
T is the absolute temperature.

As 1S is negative, more electricity can be harvested at lower
temperature (1G is more negative). The same relation applies for
higher hydrocarbons. For the lower temperature range of current
solid oxide fuel cells (T = 600◦C), the maximal thermodynamic

efficiency (1G/1H) is 76% (equation 8 with T= 873K). At room
temperature, however, the maximal thermodynamic efficiency
would be 92% (equation 8 with T= 298K).

B) Thermodynamic losses due to two-step process

In the 2-step set-up discussed here, electricity is produced only
from the electrochemical process (equation 7), which means that
the difference in the redox potential of equation 6 cannot be
utilized.

Equation 6 corresponds to 1E◦′ = 0.059V (5.6% of
total energy) for Q = AQDS and standard conditions. In
environmental microbes carrying out methane oxidation with
sulfate in situ, equation 6 corresponds only to1E< 0.026V (1G
for half reaction is between −5 kJ mol−1 and −20 kJ mol−1)
(Knittel and Boetius, 2009).

If an electron carrier Q with a slightly more negative redox
potential would be used (1E = 0.026V for equation 6), as in
environmental microbes, only 2.5% of the energy would be “lost”
due to biocatalysis.

C) Thermodynamic efficiency of fuel cell

The fuel cell will be the main contributor to losses in efficiency in
the operating system. The main reason is the high overpotential
at the oxygen-reducing cathode, which depends on the current
per area utilized. Such polarization effects can add up to 0.5V
under maximum power transfer (corresponding to a loss of up
to 50%), a major issue that remains to be resolved. The anode
process involving the artificial electron carrier is associated with
low overpotentials, because compounds such as AQDS have
excellent electrochemical properties (Rosso et al., 2004). For the
calculation here, an efficiency of 70% is assumed.

D) Additional losses

Additional losses in the overall efficiency involve pumping the
electron carrier between bioreactor and fuel cell, replacement
of microbes, production costs, pressurizing methane, removal of
CO2, heat exchange. Those depend on the engineering and on the
scaling of the overall system.

E) Overall assessment

The overall efficiency is the product of (A) thermodynamic
efficiency 92%, (B) contribution to fuel cell: 94.4–97.5%, (C)
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efficiency of fuel cell 50–70% (with current technologies), and
(D) additional losses e.g., 90%. These numbers yield an overall
efficiency of 39–57%.

Thus, the main losses come from the overpotential at the
cathode, a general challenge in current fuel-cell research, for
which solutions are needed.

ASSESSMENT OF KINETICS FOR
METHANE TO ELECTRICITY

Up to date, only uncultured microbes from the environment are
available for the biocatalysis of alkane to electricity conversion
(see section “research needs”). Enrichment cultures of such
microbes from the environment maintained at 12◦C with 14 bar
CH4 catalyze specific methane oxidation rates of 1–20 mmol
day−1 g−1 cell dry mass (Knittel and Boetius, 2009), assuming
equal amounts of archaea and bacteria in the community. This
converts to 2.3–46 mmol CH4 per second per m3 of living
archaeal biomass (assuming dry weight= 20% of wet weight and
density=1 g ml−1).

If those environmental microbes would be used for the set-
up described in Figure 2, 1 m3 archaea cells would be required to
produce an electric output of 1.2–25 kW, assuming 70% efficiency
of the fuel cell (calculation: Power= 70% ∗ rate ∗ n ∗ F ∗

1E, with
rate= 2.3–46mmol CH4 per second, n= 8, F= Faraday constant
and1E=1.001V for equation 7). To obtain faster rates, microbes
need to be designed that possess a faster catabolism (see “research
needs”).

Non-biochemical kinetic limitations may arise from gas
exchange to microbes or dissolution of methane, and from
transfer of protons through fuel cell membrane. The electron
acceptor AQDS has excellent electrochemical redox-kinetics
(Rosso et al., 2004), but the oxygen reduction may be limiting,
especially when the system is trimmed for high thermodynamic
yields (i.e., lower current per area). The solubility of methane is
about 144mM under predicted reactor conditions [200 bar, T =

37◦C, 1.0 salt concentration, according to reference (Duan and
Mao, 2006)]. Higher alkanes would liquefy at higher pressures
and are therefore more applicable for the reverse process.

BIOCHEMISTRY OF MICROBIAL ALKANE
OXIDATION AND FORMATION

The carbon metabolism from methane to CO2 is congruent
to that of biological methane formation from CO2, but
operating in reverse direction (Hallam et al., 2004). This
bi-directionality is possible because the pathway proceeds
close to the thermodynamic equilibrium. Depending on the
directionality, the microbial metabolism is wired differently to
allow the cells to grow (Thauer et al., 2008), implying that one
type of organism appears to only carry out one direction of the
pathway (McGlynn, 2017; Timmers et al., 2017).

The archaeal biochemistry of converting higher alkanes to
CO2 is initiated by homologous enzymes as for methane (Laso-
Pérez et al., 2016), in which the alkane is reversibly converted

to an alkyl-sulfide. The downstream pathway from the alky-
sulfide to CO2 has not yet been fully elucidated. For the reverse
reaction (conversion of CO2 to higher alkanes), no microbes
producing ethane, propane or butane are reported. According
to thermodynamics, however, such metabolisms are feasible in
both directions, and corresponding microbes may be genetically
designed (see “research needs”).

SYSTEM FOR ELECTRICITY TO ALKANES

For the alkane methane, bioelectrochemical gas generation is a
vibrant research topic (Geppert et al., 2016). Current technologies
utilize “classical” methanogens (Enzmann et al., 2018) as catalysts
that are not adapted to carry out direct electron transfer, which
might be the reason for the high overpotentials in those reactions
(Geppert et al., 2016), or that they just apparently carry out
direct extracellular electron transfer (Deutzmanna et al., 2015).
For higher efficiencies, a methanogen able of taking up electrons
directly from an electrode, or from a reduced soluble electron
carrier is needed (see “research needs”). With a reduced electron
carrier, the same design as in Figure 2 can be chosen, but all
the reactions operate in reverse direction (all arrows reversed),
and the carrier “QH2” requires E

◦′
= ca. −304mV (in order to

provide the same potential difference, 59mV, for the microbes as
for methane oxidation).

The advantage of such a system over just making methane
from electricity-derived hydrogen is that the soluble electron
donor can be produced with higher efficiency than currently
possible for hydrogen generation. Modifying the microbes to
produce higher alkanes (see “research needs”) is an attractive way
to interconvert excess electricity (e.g., from wind or sun) with
CO2 to liquefiable alkanes for storage.

RESEARCH NEEDS FOR ALKANES TO
ELECTRICITY

Implementation of the technology is currently hampered by the
unavailability of the required microbes that are the biocatalyst.
Before engineering of the application can be started, substantial
research onmicrobial physiology is needed, including elucidation
of the currently unknown biochemistry for the metabolism of
higher alkanes. Enrichments of environmental microbes (e.g., of
iron-reducing methanotrophs Cai et al., 2018) are under way that
may be used for the system. A promising alternative to access the
desired microbes is to genetic engineer them. Successful design of
themicrobes requires knowledge about the detailed physiology of
the environmental microbes, which needs to be elucidated. With
this knowledge, model microbes that grow fast on alternative
substrates (e.g., on alcohols, such as methanol for the organism
M. acetivorans) can be equipped with the metabolic capability to
carry out alkane oxidation coupled to the production of QH2.
Via genetic engineering, the microbes can be tuned for faster
performance to make the technology more competitive, because
in the environmental system the alkane-oxidizers have only about
1G = −5 to −20 kJ mol−1 energy to drive the metabolism
(Knittel and Boetius, 2009), but in the engineered system, more
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energy can be attributed to biocatalysis. If the metabolism would
be fully limited by reaction thermodynamics, every 5.7 kJ mol−1

in additional energy attributed to the metabolism can speed up
the reaction up to a factor of 10, thus substantial rate acceleration
may be possible for the electron carrier discussed (equation 6),
for which 1G◦′ is −46 kJ mol−1. The reality in environmental
microbes is probably a mixture of thermodynamic and kinetic
limitations, whereby the main contribution for the kinetic
limitation clearly comes from alkane activation by the enzyme
methyl-coenzyme M reductase (Scheller et al., 2010; Grisewood
et al., 2018). The process temperature can be increased to 37◦C
[using the model organisms M. acetivorans (Nayak and Metcalf,
2017) or M. maripaludis (Goyal et al., 2016)], resulting in a 5–
10 fold rate increase [2–3 fold per 1T = 10◦C, as common for
microbes (Pachepsky et al., 2014)], and the methane pressure can
be increased by a factor of 10. Prediction of the rate enhancement
by those modifications is difficult (Ritchie, 2018) and thus needs
the modifications to be carried out experimentally. If a rate-
acceleration by a factor of 100–1000 is achieved via optimized
microbes, the installation volumes of the final industrial set up
become industrially applicable.

RESEARCH NEEDS FOR ELECTRICITY TO
ALKANES

To allow methane formation from electricity, the genes for
hydrogenases in methanogens (responsible for electron transfer
from H2) need to be replaced by those encoding for multi-heme
c-type cytochromes (to allow electron uptake). An alternative
strategy could be reversing a methanotroph to generate methane,
as they evolved for efficient electron transfer. Changing the
primary metabolism requires changing the way cells conserve
energy, which is in the beginning of being understood (McGlynn,
2017; Yan et al., 2018). Engineering of microbes to convert

electricity to higher alkanes, first needs the elucidation of the
currently unknown biochemical steps involved, before genetic
engineering can be started. For all processes, understanding and
genetic engineering of enzymes related to direct electron transfer
(multi-heme c-type cytochromes) are crucial but currently at a
very early stage of research.

CONCLUSIONS

The technology of microbial alkane to electricity interconversion
is in a low technology readiness level. Current attempts of
electricity to methane conversion with classical methanogens
suffer from high overpotentials that are due to inefficient uptake
of electrons by the methanogens involved.

By designing microbes with the desired metabolism (direct
electron transfer, engineering to be able to generate higher
alkanes), the technology may find industrial application in both
metabolic directions: methane to electricity, and electricity to
liquefiable alkanes.

Specific applications for methane to electricity may be smaller
power plants, e.g., next to biogas fermenters. Electricity to
liquefiable alkanes is promising for storing excess from electricity

overproduction (e.g., wind or sun), or for upgrading the CO2

from biogas plants, or by removing CO2 from other sources.
Although new and at a very early stage, the technology

described seems the first step for catalytic alkane to electricity
interconversion at low temperatures and constitutes the
cornerstone of a sustainable flame-free-future (Kendall, 2000)
for alkane fuels.
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