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Context & Scale

The penetration of renewable

electricity is increasing

significantly making low-cost,

large-scale energy storage

essential. At the same time, the

need for CO2 sequestration and

hydrocarbon fuels are likely to

grow for decades to come.

Photosynthesis gives a template

for solar energy and CO2 storage

at enormous scale, but its

inefficiency sets the stage for land

competition.

We have developed a theory that
SUMMARY

Electromicrobial production aims to combine electricity andmicrobi-
al metabolism for solar and electrical energy storage. We have con-
structedmolecule to reactormodels of highly engineered electromi-
crobial production systems that use H2 oxidation and direct electron
transfer (DET). We predict electrical-to-biofuel conversion efficiency
could rise to 52% with engineered in vivo CO2 fixation. H2 diffusion
at ambient pressure requires areas 20 to 2,000 times the solar photo-
voltaic (PV) area supplying the system. Agitation can reduce this
below the PV area, and the power needed is negligible when storing
R1.1megawatts. DET systems can bebuilt with areas% 15 times the
PV area and have lowenergy losses evenwith natural conductive bio-
films and can be even smaller if the conductivity could be raised to
match conductive artificial polymers. Schemes that use electrochem-
ical CO2 reduction could achieve efficiencies of almost 50% with no
complications of O2 sensitivity.
lets us calculate the efficiency of

microbes that absorb electricity

and store CO2 as biofuels with

greater efficiency than

photosynthesis. We outline 10

development scenarios including

re-engineering direct electron

uptake microbes with high-

efficiency CO2 fixation; scaling up

H2-oxidizing microbe systems to

store megawatts of electricity;

engineering direct electron

uptake microbes to make highly

conductive artificial biofilms to

enable high power density

electricity storage; and

engineering microbes that

assimilate electrochemically

reduced CO2 with electron

uptake.
INTRODUCTION

We are moving toward a world of plentiful renewable electricity.1–3 However, to

enable high penetration of renewables onto the grid, energy storage with a capacity

thousands of times greater than today’s will be essential.4–7 On top of this, despite

significant advances in electrified transportation, the need for hydrocarbons in many

applications such as aviation could persist and even grow for decades to come.3

Likewise, the need to sequester tens of gigatonnes of CO2 per year will also continue

to grow.8,9 Electromicrobial production (EMP) technologies that combine biological

and electronic components have the potential to use renewable electricity to power

the capture and sequestration of atmospheric CO2 and convert it into high-density,

non-volatile infrastructure-compatible transportation fuels or energy storage poly-

mers.7,10–14

At least two big classes of EMP technologies exist.13,15 Given the rapid evolution of

the field, these definitions can vary from author to author and may soon change,15

but at the time of writing we believe they represent a widely acceptable classifica-

tion. In the first class, electrons are either directly transferred from a cathode to mi-

crobial metabolism through a conductive extracellular matrix (ECM) (conductive

ECM when it is synthesized chemically, or biofilm when it synthesized biologically,

although we use these terms interchangeably for most of this article) to electrode-

attached cells;16 transported by complex biologically synthesized redox mediator

molecules like flavins or phenazines to free-floating or cathode-attached cells;10,17

or transported through biologically enhanced production of a simple redox medi-

ator like H2.
18–21 These modes of electron transport are often collectively referred
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to as extracellular electron transfer (EET), but EET is sometimes informally (and tech-

nically incorrectly) used as a shorthand for direct electron transfer (DET). In this article

we focus on DET and to avoid confusion will use the term DET, unless EET is a

commonly used part of a name (e.g., the Mtr EET complex). This class of EMP tech-

nologies is often called microbial electrosynthesis (MES).10,14,15

A second class of EMP technologies use simple reduced soluble mediator com-

pounds to shuttle electrons to microbial metabolism. To date, these mediators

include H2,
22–25 inorganic ions like ferrous ions,26 ammonia,27 and the simple

organic molecule formate.22,28–30 Additionally, carbon monoxide, formaldehyde,

methane, methanol, phosphite, and reduced sulfur compounds (H2S, S2O
2�
3 ,

S4O
2�
6 ) could also be used as redox mediators,7 but we are unaware of any demon-

strations to date. These electron shuttles can either be directly electrochemically

reduced or produced by reaction of electrochemically reduced H2 with CO2 or

another inorganic compound, or both. These technologies are sometimes called

secondary microbial electrochemical technologies (MET).15 Electron transfer by H2

sometimes falls into the MES category when H2 production is enhanced by presence

of microbes on the cathode.14,18 On the other hand, when the electrochemical pro-

duction of H2 has no biological component, it can fall into the secondary MET

category.

EMP technologies have made considerable advances over the past decade.

Numerous studies have demonstrated acetic and butyric acid production by

MES14,31–52 with faradic efficiencies well over 80%31,32,34 if not 90%.33,38,42 Over

the same time, indirect electron transfer via H2 has led to some of the most substan-

tial advances in MES systems.18–21 Meanwhile, one of the most prominent demon-

strations of EMP to date, the Bionic Leaf,23,24 is capable of converting solar power

to the biofuel isopropanol through a H2 mediator at efficiencies exceeding the theo-

retical maximum of C3 and C4 photosynthesis.53,54 Meanwhile, Haas et al. demon-

strated electrochemical conversion of CO2 and H2O to syngas followed by microbial

fermentation to butanol and hexanol with nearly 100% faradic efficiency.25 If

coupled to some of the most efficient Si or GaAs solar photovoltaics (PVs),55 the Bi-

onic Leaf could even outperform cyanobacterial photosynthesis, the most efficient

form found in nature.56 Yishai et al.28 and Tashiro et al.57 have both demonstrated

formate assimilation by engineered E. coli. Furthermore Kim et al. have demon-

strated the growth of engineered E. coli on formate, while Gleizer et al. have demon-

strated the growth of E. coli on CO2 and formate.29

Despite all of this progress, the problem of electron supply needs to be met for EMP

to achieve its promise. As the energy storage cost of photosynthesis is ultra low,58,59

any system that aims to supplant it will need to dramatically exceed its efficiency, its

convenience, and preferably both. Despite the many advantages of formate,

including high solubility and high faradic efficiency of electrochemical production,13

formate is too lightly reduced for many applications (formate only carries 2 electrons

per carbon). For example, in order to produce a fuel alcohol molecule (6 electrons

per carbon) from CO2, an organism that relies only on formate for electron and car-

bon supply will need to re-release approximately 2/3rds of the initially reduced CO2

back into the atmosphere. Likewise, despite the advantages of H2 as a medi-

ator,18,23–25 its low solubility in water means that its use is likely to pose energetic,

geometric, and safety challenges on scale up.60–62 DET systems solve many of the

issues associated with H2, but the incompatibility of many microbes capable of

DET with high osmotic strength electrolytes leads to high internal electrochemical

cell resistances and correspondingly low overall energy conversion efficiencies.14
2102 Joule 4, 2101–2130, October 14, 2020
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Furthermore, although MES systems are able to direct a very high percentage of

metabolic flux toward acetate production, they are unable to do the same for other

bio-products like biofuels.14 Finally, until recently, considerable debate has raged

about the nature of DET from a cathode across a conductive biofilm to the cell sur-

face, and from the cell surface into the reductant pool in the cell.14

To fully achieve the potential of EMP, innovations in reactor design, process design,

and perhaps most importantly genetic engineering of the EMP host will be

required.14,63 What will this organism look like? We see at least four important char-

acteristics. First, the organism will receive electrons through a mechanism that en-

ables the lowest cost, most reliable reactor design, and most efficient process. Sec-

ond, the organism will be highly tolerant of the electrochemical environment that

enables the highest energy conversion efficiency. Third, the organism will have min-

imal matter and energy requirements for cellular maintenance. Finally, it will trans-

fer almost all carbon entering the system to a single product with high energy effi-

ciency. Engineering this organism will almost certainly be a grand challenge in

synthetic biology. This raises two important questions: first, is the payoff for all

the genetic engineering worth the effort? Second, is there an easily understood

standard for success that synthetic biologists can compare their efforts with? While

no one metric can capture every aspect of an organism’s suitability, we believe that

energy conversion efficiency is the one metric that most closely relates to the suc-

cess of EMP in the real world. Furthermore, we believe that by calculating a simple

upper limit target based upon simple physical considerations, we can spur synthetic

biologists toward progress in the field, much in the same way that theoretical pre-

dictions of solar photovoltaic conversion efficiencies64,65 have spurred decades of

solar PV efficiency improvements. For example, the energy conversion efficiency of

silicon solar cells now stands at 26.7%,55 close to the Shockley-Quiesser limit of

32.9%.64,66

To date, while there has been considerable work on modeling mechanisms for elec-

tron transfer in microbial electrosynthesis,17,67 modeling EMP,68,69 and compiling

estimates of EMP efficiency through big data-driven back of the envelope calcula-

tions,13 very little work has focused on systematically exploring the intra- and extra-

cellular constraints on the overall energy conversion efficiency of electricity and CO2

to bio-products by engineered EMP systems.

Here, we present an analytical thermodynamic and kinetic framework for making ap-

ples-to-apples comparisons of the theoretical maximum efficiencies of highly engi-

neered EMP systems. For simplicity, in this article, we consider four model EMP sys-

tems. While we cannot cover all possible EMP systems (systems that convert

electricity and CO2 to more complex molecules like biofuels), we believe this set is

the most illustrative example of all systems and can be readily adapted to any sys-

tem. Each of these systems transform CO2 to the biofuels isopropanol70 or

butanol.22,59,71 We consider a pair of systems that use in vivoCO2 fixation Figure 1A.

In the first system, electrons are transferred by electrochemically produced H2 repre-

sentative of systems in Torella et al.,23 Liu et al.,24 and Haas et al.25 (Figure 1C). In the

second system, electrons are directly transferred through a conductive ECM to a

CO2-fixing microbe representative of engineered microbial electrosynthesis sys-

tems72 (Figure 1D).

We then consider a pair of systems in which CO2 is first electrochemically reduced to

a short-chain hydrocarbon such as formate or formic acid73–75 (Figure 1B). In the third

system electrons are delivered through electrochemically reduced H2 for further
Joule 4, 2101–2130, October 14, 2020 2103
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Figure 1. Overview of Representative Electromicrobial Production Technologies

(A) A microbe absorbs electrical power, Pe, avail, through H2-oxidation or directly through a

conductive extracellular matrix (ECM) to power CO2-fixation and biofuel production at a rate _Nfuel.

The total electrical power is used to drive a current, Icell, across a whole-cell voltage, DUcell , and can

also be used to power an agitator.

(B) The electrical power is split between two electrochemical cells. In the first CO2 is reduced to a

short chain hydrocarbon like formic acid at a rate _Np. The primary fixation product is then

concatenated in the second cell by a H2-oxidizing or electroactive microbe.

(C and D) Electrons are transported to metabolism by either (C) diffusion or stirring of H2 and

oxidation by a hydrogenase (H2ase) enzyme, or (D) directly across a conductive ECM and transfer

into an electroactive cell by a membrane-spanning EET complex. A voltage DUbiofilm is required to

drive current across the ECM.
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bioelectrochemical reduction of formate to a biofuel22 (Figure 1C). Finally, we

consider a system where electrons are transferred to a microbial host directly by a

conductive ECM for further reduction of formate (Figure 1D).
2104 Joule 4, 2101–2130, October 14, 2020
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It is important to stress that our results do not apply to any specific naturally occur-

ring or lightly engineered system (for instance, a naturally occurring microbe with a

few additional genes added to synthesize a biofuel) but to a reactor-microbe system

that is highly engineered, both at the reactor and genetic level, to operate at the

limit of its potential. This analysis lets us calculate themaximum theoretical efficiency

of each EMP system and gives a roadmap for how to achieve it.

RESULTS AND DISCUSSION

A complete list of symbols used in this article is included in Table S1.

We define the electrical energy conversion efficiency as the rate of energy storage

molecule production, _Nfuel, multiplied by the energy content per molecule, Efuel,

relative to the total electrical power input:

hEF = _NfuelEfuel

�
Pe; total: (Equation 1)

H2-Mediated EMP is Already Optimized but Can Be Improved by Swapping

Out CO2 Fixation

Estimating the efficiency of in vivo CO2 fixation (Figure 1A) comes down to

estimating _Nfuel as a function of the electrical power available for electrochemistry,

Pe, avail; the voltage across the electrochemical cell, DUcell; and the number of elec-

trons needed to generate the NAD(P)H, Ferredoxin (Fd), and ATP for synthesis of a

single fuel molecule from CO2, nef (e = elementary charge) (Supplemental Experi-

mental Procedure 1):

_Nfuel%Pe; avail

�
ðenefDUcellÞ (Equation 2)

Therefore, the overall electrical to fuel efficiency for an in vivo CO2-fixation scheme:

hEF%Efuel=ðenefDUcellÞ (Equation 3)

nef can be estimated from molecular models of electron uptake either by H2 oxida-

tion in this case or by direct electron uptake. A schematic of the Ralstonia eutropha

H2-oxidation machinery (used by Li et al.,22 Torella et al.,23 and Liu et al.24) is shown

in Figure 2A. The low redox potential of H2 (UH2
) enables direct reduction of NAD+ by

the cytosolic nickel-iron soluble hydrogenase (SH) (R. eutropha uses NADH rather

than NADPH for CO2 fixation).62,76 While the R. eutropha genome does not code

for any Fd-reducing di-iron hydrogenases, these could be readily added to it.77–79

Thus, the microbe simply has to oxidize a number of H2 molecules equal to the

sum of NADH and Fd that it needs to synthesize a fuel molecule (the number of elec-

trons needed is just double the number of H2). In this work, we consider only one

CO2-fixation cycle, the dicarboxylate/4-hydroxybutyrate (4HB) cycle,80 that requires

Fd.

We make the assumption that the cell is pre-grown and is simply mediating electron

uptake by H2 oxidation or DET, the fixation of CO2 or further reduction of formate,

and the synthesis of biofuels. We further make the assumption that reactants (CO2

and electricity) are constantly input into the system and that product (biofuel) is

continuously removed. This does not correspond exactly to any natural state or bac-

terial growth stage (e.g., exponential phase where naturally occurring microbes are

most active) but is closer to the state of differentiated red blood cells that simply act

as a ‘‘bag of enzymes’’ for O2 transport and performminimal cellular maintenance for
Joule 4, 2101–2130, October 14, 2020 2105
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Figure 2. Energy Landscapes for Electromicrobial Production

(A) In H2-mediated EMP, the incoming H2 current is used to directly reduce NAD(P)H or ferredoxin (not shown) or is diverted into the conventional

electron transport chain for ATP synthesis. For each electron sent downhill to reduce O2 and H+ to H2O, pout,H2 are pumped across the inner membrane.

To regenerate an ATP molecule, pin,ATP protons are released through the ATP synthase.

(B) In DET-mediated EMP the incoming current is split between the uphill and downhill pathways. For each electron sent downhill, pout,EET protons are

pumped across the inner membrane. For each electron sent uphill in energy to reduce NAD+ to NADH, pin,NADH are pumped into the cytosol. Midpoint

redox potentials for the Mtr EET complex components are from Firer-Sherwood et al.113
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their lifetime ofz 80 to 120 days81 (in our case, the cell is more like a box of enzymes

and metalloproteins, some of which are localized on the inner and outer mem-

branes). We make the further assumption that the inner membrane proton gradient

is already established and that a negligible amount of power is expended for cellular

maintenance. Thus, our efficiency calculations represent peak, upper limit values,

and are only likely to be approached when peak cell density has been achieved,

and the cell is performing maintenance. We assume that excess energy is dissipated

as heat and that the system operates in an infinite heat sink.

Is it reasonable to assume that cellular growth andmaintenance energy requirements

are negligible? We estimate, based upon modeling by Kliphuis et al.,82 a cellular

maintenance energy requirement of z1 3 10�14 W cell�1 (with the snote-growth_-

maintenance_energy.py program that is part of the REWIREDCARBON package and in

Supplemental Experimental Procedure 12). In contrast, the electrical power deliv-

ered to each cell is z1 3 10�11 W cell�1. This means the maintenance energy is

only aboutz 10�4 of the power available to the cell (this ratio is rounded after calcu-

lation with the unrounded maintenance and input power numbers), far less than the

precision quoted for efficiencies in this article. This power requirementwould need to

increase by z 100-fold to noticeably change reported efficiency predictions.
2106 Joule 4, 2101–2130, October 14, 2020
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Likewise, biomass growth energy requirements could also be negligible compared

with the amount of electrical energy that a maximally active EMP cell needs to

convert to chemical energy over its lifespan. We calculate (with snote-growth_main-

tenance_energy.py and in Supplemental Experimental Procedure 12) that z4 g of

dry cell mass is needed to process the electrical power from a 1 m2 solar panel

(330 W) and that z23104 J of energy is needed to produce this biomass. This en-

ergy is delivered to the cells approximately every 1 min. This means that the EMP

biomass only needs to survive for a few hours in order for the energy needed to

grow it to become negligible.

ATP is generated by injection of electrons from H2 oxidation by the membrane-

bound hydrogenase (MBH) into the inner membrane electron transport chain;62,76

quantized energy transduction by proton pumping against the transmembrane

voltage, DUmembrane; reduction of a terminal electron acceptor at a redox potential

UAcceptor; and further quantized energy transduction by proton release through the

ATP synthase and ATP regeneration. In all calculations in this article, we assume the

use of O2 as a terminal electron acceptor at the end of the electron transport chain

(Figure 2).

Therefore, the number of electrons needed to synthesize a single fuel molecule

through H2 oxidation is (a full derivation is included in Supplemental Experimental

Procedure 2) (nf,NADH, nf,Fd, and nf,ATP are the number of NAD(P)H, Fd, and ATP

needed for synthesis of a single fuel molecule, respectively):

nef; H2
=

2 nf; NADH + 2 nf; Fd

+ nf; ATP
ceil

�
DGATP=ADP

�
e DUmembrane

�
floor

��
UH2

� UAcceptor

��
DUmembrane

�:
(Equation 4)

These equations are numerically solved with the REWIREDCARBON package using esti-

mates for the NAD(P)H, ATP and Fd requirements for isopropanol and 1-butanol syn-

thesis (Figure S3) from CO2 fixed by the known natural CO2-fixation cycles and the

synthetic CETCH cycle83 in Table S2. A workflow for the electrosynthesis efficiency

calculation algorithm used in the REWIREDCARBON package is shown in Figure 3, and

a set of parameters for four reference models are shown in Table 1.

The biggest source of uncertainty in the efficiency estimate is the transmembrane

voltage (DUmembrane). At the time of writing, we are unaware of any direct measure-

ment ofDUmembrane in R. eutropha or the electroactive microbe Shewanella oneiden-

sis. Therefore, in Figure 4 we present a range of efficiency estimates for

DUmembrane=80 mV (BioNumber, ID (BNID) 10408284) to 270 mV (BNID 107135),

with a central value of 140 mV (BNIDs 109774, 103386, and 109775). Counterintui-

tively, the efficiency of H2-mediated EMP trends downward, moving from plateau to

plateau, with increasing transmembrane voltage (Figure S1). While the amount of

energy stored per proton is lower at lower DUmembrane, energy quantization losses

are also reduced. The transmembrane voltage is a function of the difference in ion

concentrations between the cytoplasmic and periplasmic side of the inner mem-

brane and can be modulated genetically by changing the expression levels of ion

transporters in the inner membrane.85

This framework estimates the electron requirement for isopropanol and butanol syn-

thesis by the Bionic Leaf (H2-EMP using the Calvin cycle (CBB) for in vivoCO2 fixation)

to be 25+ 0:5
�3:5 and 31+ 0:5

�3:5 , respectively. The maximum electricity to isopropanol
Joule 4, 2101–2130, October 14, 2020 2107
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model (model 1 in Table 1; bar D in Figure 4, hEF = 0:446).

(B) Steps in calculation of efficiency of DET-mediated EMP along with their effect on electrical to fuel efficiency of DET-EMP (model 2 in Table 1, bar L in

Figure 4, hEF = 0:421).
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conversion efficiency of the Bionic Leaf (DUcell=2
24) is estimated to be 41:6+ 0:8

�5:1%(Fig-

ure 4C). This result just exceeds the maximum reported electrical to isopropanol ef-

ficiency of 39G2%.24 This match suggests that CO2-fixation and biofuel synthesis in

R. eutropha are already highly optimized.

As a sanity check, we computed the number of protons that need to be pumped

back into the cytosol through the ATP synthase to regenerate a single ATP molecule

as a function of transmembrane voltage, DUmembrane (Figure S2). For 140%

DUmembrane<187mV, four protons need to be pumped to regenerate one ATP, equal
2108 Joule 4, 2101–2130, October 14, 2020



Table 1. Input Parameters for Models of Four Representative Electromicrobial Production Systems

Parameter Symbol 1. H2 oxidation 2. Direct e� Transfer 3. H2 oxidation
with Formate

4. Direct e� Transfer
with Formate

Electrochemical Cell Parameters

Input solar power (W) Pg 1,000 (Figure 6) 1,000 1,000 1,000

Bar label In Figure 4 D L T S

Total available electrical power (W) Pinput, total 330 (Figure 6) 330 330 330

CO2-fixation method enzymatic electrochemical

Electrode to microbe mediator H2 direct H2 direct

Cell 1 cathode std. potential (V) Ucell 1, cathode, 0 N/A 0.8223

Cell 1 cathode bias voltage (V) Ucell 1, cathode, bias N/A 0.4724

Cell 1 anode std. potential (V) Ucell 1, anode, 0 N/A �0.4328,167

Cell 1 anode bias voltage (V) Ucell 1, anode, bias N/A 1.374

Cell 1 voltage (V) DUcell 1 N/A 3.02

Cell 1 Faradaic efficiency xI1 N/A 0.8 168

Carbons per primary fixation product nCp N/A 1

e� per primary fixation product Nep N/A 2

Cell 2 (Bio-cell) anode std. potential
(V)

Ucell 2, anode, 0 �0.4123 �0.1102,113 �0.41 �0.1

Bio-cell anode bias voltage (V) Ucell 2, anode, bias 0.324 0.272 0.3 0.2

Bio-cell cathode std. potential (V) Ucell 2, cathode, 0 0.82

Bio-cell cathode bias voltage (V) Ucell 2, cathode, bias 0.47

Bio-cell voltage (V) DUcell 2 224 1.59 2 1.59

Bio-cell Faradaic efficiency xI2 1.0

Cellular Electron Transport Parameters

Membrane potential difference (mV) DUmembrane 140 (Figure S1) 140

Terminal e� acceptor potential (V) UAcceptor 0.82

Quinone potential (V) UQ -0.0885 (Figure S6) �0.0885102

Mtr EET complex potential (V) UMtr N/A �0.1 (Figure S6) N/A �0.1

No. protons pumped per e� pout unlimited (Figure S9) Unlimited

CO2 Fixation and Biofuel Synthesis Parameters

Biofuel produced Butanol

No. ATPs for fuel synthesis nf, ATP 14 (Figure S4) 8

No. NAD(P)H for Fuel nf, NADH 12 (Figure S4) 6

No. ferredoxin for Fuel nf, Fd 0 (Figure S4) 0

No. CO2 fixed per fuel nCf fix 6 (Figure 4) N/A

No. carbon atoms per fuel nCf 4 (Figure 4)

No. e� per fuel nef 24 (Figure 4)

Energy density of fuel (J molecule�1) Efuel 4.43 3 10�18 (Figure 4)

No. primary fixation product per fuel nP N/A N/A 6 6

Scale-Up Parameters

H2 partial pressure (Pa) in bio-cell PH2 (Figure 5) N/A – N/A

Cell density (cells m�3) ncells (Figures 5 and 6) N/A – N/A

Cell length (mm) lcell 3.9

Cell diameter (mm) dcell 1.3

CO2-fixing enzyme rate (s�1) rfix 12 N/A

CO2-fixing enzymes per cell nfix 106 N/A

(Continued on next page)
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Table 1. Continued

Parameter Symbol 1. H2 oxidation 2. Direct e� Transfer 3. H2 oxidation
with Formate

4. Direct e� Transfer
with Formate

ECM thickness (mm) hbiofilm N/A (Figure 7) N/A –

ECM layer fill factor flayer N/A 0.25 N/A 0.25

ECM layer height (mm) hlayer N/A 2.6 N/A 2.6

ECM resistivity (U cm) rbiofilm N/A (Figure 7) N/A –

Electrical to fuel efficiency hEF 0.446 0.421 0.444 0.431

ECM, extracellular matrix; EET, extracellular electron transfer. A full list of symbols and corresponding computer variables in the REWIREDCARBON package is shown

in Table S1. References for metabolic pathway parameters are shown in Table S2, while references for electrochemical parameters can be found next to the cor-

responding variable in this table. A reference to a figure showing the effect of varying a model parameter is shown in parentheses next to the parameter value. If

only a figure reference is shown, then this parameter is not used in the reference case calculation.
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to the number commonly accepted for ATP regeneration in the cyanobacterium Syn-

echocystis 6803.86 For 187%DUmembrane<280 mV, three protons need to be

pumped, equal to the commonly accepted number for ATP regeneration in

E. coli.87 We also computed the effect of limiting the number of protons that could

be pumped out of the cytosol for each electron sent downhill in energy to O2 reduc-

tion in Figure S9.

How high could the efficiency go? Switching the product to butanol affords an

improvement in H2-EMP efficiency to 44:6+ 0:7
�4:5% and a significant improvement in

ease of product recovery (bar D Figure 4D; model 1 in Table 1). If the anode and

cathode bias voltages (the additional voltage supplied by a potentiostat beyond

the thermodynamic minimum required to catalyze the anode and cathode reactions)

could be reduced to zero, the efficiency of H2-EMP electrical to 1-butanol efficiency

could rise as high as 72:5+ 1:1
�7:4% (bar I). However, given the already-low cobalt phos-

phate electrode overpotentials88 in the Bionic Leaf, raising the efficiency by this

route might be impractical.

Could the efficiency of EMP be increased by altering just the biological part of the

system? Following intuition, electrical to fuel efficiency increases with decreasing

NAD(P)H, ATP and Fd requirements for CO2 to biofuel conversion (Figures S4A–

S4D). The efficiencies of the six known naturally occurring carbon fixation path-

ways and the synthetic CETCH pathway are shown in Figure 4. The CETCH83 cycle

matches the efficiency of CBB (bar E), while the naturally occurring CO2-fixation

cycles 3HP-4HB (bar F), rTCA (bar G) and WL (bar H) all perform better than

the Calvin cycle, raising the electrical to fuel efficiency as high as 55.3�1.1
+0.1%.

ATP, NAD(P)H, Fd, and carbon requirements for all metabolic pathways consid-

ered in this article are shown in Table S2. Marshall et al. recently demonstrated

high-performance EMP by an acetogenic microbial community in which the pri-

mary CO2-fixation method was likely the Wood-Ljungdahl pathway.89 We

calculate the upper limit efficiency of acetogenesis with the Wood-Ljungdahl

pathway to be 87:2+1:0
�2:6%, when anode and cathode overpotentials are set to

zero (bar R).

It is important to note that the O2-sensitivity of both the rTCA cycle and the Wood-

Ljungdahl pathway means that it is not yet, and may never be, possible to use O2 as

an electron acceptor while simultaneously operating either pathway. Could this feat

ever be accomplished? Marshall et al. noted high expression of putative O2-

reducing cytochromes in an electrosynthetic acetate-producing microbial commu-

nity despite the absence of O2. This result could suggest that the Wood-Ljungdahl
2110 Joule 4, 2101–2130, October 14, 2020
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Figure 4. Projected Lab-Scale Electrical and Solar to Biofuel Efficiency of Electromicrobial

Production Schemes

The right axis is calculated by assuming a solar to electrical conversion efficiency of 32.9%, the

maximum efficiency of a single-junction Si solar PV. 66 Bars S to V assume a faradic efficiency of CO2

to formate reduction of 80%, while bars W and Z assume 100% faradic efficiency. Whole-cell

voltages were calculated from the minimum redox potentials of H2 and the Mtr EET complex 113

midpoint redox potentials and from bias voltages reported by 23,24,72 Metabolic pathway data can

be found in Table S2. All efficiencies are for butanol production, except where noted as

isopropanol (iso) or acetic acid. This plot can be recreated with the fig-co2fixation.py program and

fig-co2fixation.csv input file in the REWIREDCARBON package. 4HB, 4-hydroxybutyrate cycle; 3HP,

3-hydroxypropionate bicycle; CBB, Calvin-Benson-Bassham cycle; CETCH, (CoA)/ethylmalonyl-

CoA/hydroxybutyryl-CoA; 3HP-4HB, 3-hydroxypropionate 4-hydroxybutyrate bicycle; rTCA,

reductive tricarboxylic acid cycle; WL, Wood-Ljungdahl pathway. Error bars are due to

uncertainity in trans-inner membrane voltage. The error bars span efficiency estimates

for DUmembrane= 80 mV (BioNumbers ID (BNID) 10408284) to 270 mV (BNID 107135), with a

central value of 140 mV (BNIDs 109774, 103386, and 109775).
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pathway could be used in concert with oxygen reduction. Filamentous N2-fixing cy-

anobacteria are able to operate the highly O2-sensitive nitrogenase enzyme inside

O2-impermeable differentiated cells called heterocysts while simultaneously oper-

ating oxygenic photosynthesis to generate reducing equivalents in adjacent cells.90

A similar approach, or recent advances in compartmentalization in synthetic

biology,91–93 may enable the implementation of these highly efficient CO2-fixation

pathways in synthetic organisms that simultaneously use O2 as a metabolic terminal

electron acceptor. However, achieving this goal is likely to represent a major chal-

lenge in synthetic biology.

H2-Mediated Electromicrobial Production Reaches Its Maximum Efficiency in
Large-Scale Systems

In principle, the efficiency of an EMP system could be independent of the specific

activity of the carbon fixation pathway used (how many CO2 molecules are fixed

each second by each gram of enzyme). Fixing more CO2 and storing more energy

might simply require more cells operating in parallel. However, despite its advan-

tages as a mediator18 the low solubility of H2 in water means that distributing elec-

trical power through a H2 mediator is likely to pose energetic, geometric, and safety

challenges.60–62 To assess these challenges, we built models of H2 transport by diffu-

sion and agitation.
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The difficulty of H2 transport is determined by the number and volume of cells

needed to store the H2 current, IH2 , produced by the cell current (xeH2
is the faradic

efficiency of H2 production, typically close to 1):

IH2
= xeH2

Icell: (Equation 5)

Note that this model does not consider the financial cost of H2 production but does

consider the energetic cost through the faradic efficiency, xeH2
, and the whole-cell

voltage, DUcell, as well as the transport costs.

As hydrogenase enzymes are much faster than any carboxylating enzyme, the CO2

fixation rate is the limiting factor in electron demand per cell. The rate of electron

uptake by each cell depends on the number of electrons, nef, and carbon atoms

fixed, nCf,fix (not just the number incorporated, nCf), to synthesize each fuel molecule;

and the rate and number of carbon-fixing enzymes, rfix and nfix (Supplemental Exper-

imental Procedure 3):

_ne = nefrfixnfix
.
nCf;fix: (Equation 6)

Thus, the total number and volume of cells needed to store the H2 current (ncells is the

cell density):

Ncells = IH2

.
e _ne; (Equation 7)
Vcells =Ncells=ncells: (Equation 8)

H2 could be transported by diffusion from the headspace of a reactor (where it is at a

partial pressure PH2
) without any additional energy input into the system (Figure 5A).

In order to achieve the high concentration gradient needed to drive rapid diffusion

of H2 (DH2 and kH2
are the diffusion and solubility coefficients for H2, respectively), the

cell culture has to be spread into a film with a height no greater than and an area no

less than (Supplemental Experimental Procedure 4):

hfilm%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi��
2PH2

DH2
NA

�. �
kH2

ncells _ne

��r
; (Equation 9)
AfilmR
xeH2

k1=2H2
Pe;avail

eDUcell

�
2 _nencellsPH2

DH2
NA

�1=2: (Equation 10)

The area of an EMP system supplied by H2 diffusion scales linearly with input power

while the film thickness remains the same. R. eutropha is typically grown under an

atmosphere containing H2, O2, and CO2 at a ratio of 8:1:1.94 At the laboratory scale,

the H2 partial pressure is usually restricted to 5% of a total pressure of 1 atmosphere

in order to reduce the risks of H2 explosion.
94 If supplied by a solar photovoltaic (PV),

the area of the film relative to the solar PV area, APV, will remain constant. A plot of

film thickness and area versus cell culture density is shown for two systems supplied

by a 1 m2 solar PV in Figure 5B: the first with a headspace H2 partial pressure of 5,066

pascals (Pa) (5% of 1 atmosphere; O2 and CO2will both be at a partial pressure of

633.25 Pa, and the system will be balanced with N2), and the second with a H2 partial

pressure of 81 3 106 Pa (80% of 1,000 atmospheres; O2 and CO2 will both be at a

partial pressure of 10.1 3 106 Pa).

For the ambient pressure system, the film area (and potential footprint of the system)

is greater than the area of the PV supplying it for even the highest cell densities seen

in bio-industrial applications. At the highest reported autotrophic density for R.
2112 Joule 4, 2101–2130, October 14, 2020
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Figure 5. H2 Transport by Diffusion to Enable Scale-Up of H2-Mediated Electromicrobial

Production Systems Using the Calvin Cycle (CBB) to Convert CO2 to Butanol, Model 1 in Table 1

(A) Geometry for H2 mixing by diffusion.

(B) Maximum height of cell culture that can be supplied with H2 by diffusion and corresponding area

of culture needed to convert 330 W of electrical power (produced by a perfectly efficient 1 m2

single-junction Si solar PV illuminated by 1,000 W of solar power) at H2 partial pressures of 5,066 Pa

(5% of atmospheric pressure; LoP) and 81 MPa (80% of 1,0003 atmospheric pressure; HiP). Eight

important cell density regimes are noted in Supplemental Experimental Procedure 5 and Table S3,

and the average of each regime is shown with a dashed line here in (B): n1: maximum cell density of

the psychro- and barophilic strain F1-A at 45.6 MPa (4503 atmospheric pressure) (grown at 3�C)141;
n2: cultures of E. coli grown aerobically at 37�C in the laboratory on LB media in exponential phase

(BNID 100985); n3: batch-cultures strain of thermophile, C. saccharolyticus, grown anaerobically at

70+C on sucrose142; n4: cultures of hyperthermophilic strain, P. abyssi, at 90�C144; n5: cyanobacteria

grown autotrophically to maximum density145; n6: cultures of E. coli grown aerobically at 37�C on LB

media at saturating density (BNID 104940); n7: H2-oxidizing microbe R. eutropha grown

autotrophically on CO2, H2, and O2 to maximum density at 30�C95; and n8: saturating cultures of

yeast grown aerobically in an industrial bioreactor (Abbas, C. personal communication) (B) can be

recreated with the fig-h2diffusion.py programs and corresponding input file in the REWIREDCARBON

package. To ease interpretation of (B) we have re-drawn this panel as two separate panels, each

with a single curve representing the area and thickness of the cell culture film at each pressure in

Figure S7.
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eutropha (density region 7; n7),95 the film area is between 20 and 28 m2. It is unclear

if the large film area requirements for H2 transport by diffusion at ambient pressures

are surmountable. Possible approaches to the construction of a bioreactor with a

high internal area but relatively small external footprint include stacking planar

cell layers on top of one another, or using hollow fibers in which cells are immobilized

on the walls of the fiber and reactant gases are flowed along its inner and outer sur-

faces such as those developed by Worden and Liu.96 However, significant detailed

modeling will likely be required before recommending and pursuing any particular

approach.
Joule 4, 2101–2130, October 14, 2020 2113



ll
OPEN ACCESS Article
Furthermore, by increasing the H2 partial pressure to 81 3 106 Pa, the cell film area

can be reduced to 1 m2 by a density of z5 3 1015 cells m�3, inside the range of

typical cyanobacterial cell densities (density region 5; n5).

H2-diffusion systems could enable very high efficiency but may come at the cost of

high initial expenditure, complexity, maintenance, potential for H2 escape, and dif-

ficulty in removing product.

The diffusion analysis can also be applied to system in which H2 is delivered to the

cell culture by a micro-sparger at the bottom of a bubble column. In this case, the

inter-bubble spacing can be approximated by the film thickness (9), the total bubble

surface area can be approximated by the film area (Equation 10); and the total bub-

ble volume passing through the culture per second can be approximated by:

VH2
=
�
IH2

kBT
���

2ePH2

�
(Equation 11)

Intuitively, agitation allows H2-transport without the need for extreme system geom-

etries, high pressures, or both, at the expense of power input. The input power to the

electrochemical cell is the total available electrical power, Pe,total, minus any power

needed to agitate the system:

Pe;avail =Pe;total � Pe;stir: (Equation 12)

We considered a cylindrical stirred tank of cells that continuously distributes H2 sup-

plied by a sub-surface pipe (Figure 6A). We numerically solved a set of coupled

equations linking H2 production, consumption, gas transfer rate, cell culture volume,

and the power required for gas mixing through an iterative algorithm in the REWIRED-

CARBON package using a formalism compiled by Van’t Riet97 until a self-consistent set

of solutions were found (Supplemental Experimental Procedure 6). The solution to

these equations for a system supplied with 330 W of electrical power from a 1 m2 so-

lar PV are plotted in Figures 6B–6D.

At low cell densities and high system footprints (and hence volumes), the power

required to transport H2 is low, while at low volumes the effort to stir is much greater

(Figure 6B). This corresponds with intuition that suggests that turbulent mixing,

which is favored in larger systems due to a higher Reynolds number, is more effective

than laminar mixing, which predominates in smaller-scale systems. This creates a

conundrum, Pe,stir can be minimized, but at the expense of a tank footprint much

larger APV. Or, the tank footprint can be reduced to less than APV but at the expense

of divertingmore andmore solar power to mixing H2 (Figure 6B). This means that the

efficiency of the EMP system (Figure 6C) drops precipitously from its maximum po-

tential value to almost zero as the footprint of the system is reduced to allow it to fit

under the solar PV supplying it.

The footprint-efficiency dilemma can be resolved by operating at higher input po-

wer. We calculated the system footprint to PV area ratio (Atank/APV) at which the

system achieves 50%, 75%, and 95% of its maximum potential efficiency in Fig-

ure 6D. For small-scale systems (500 to 104 W of solar power) footprints of 603

to 73 the area of the solar PV supplying them are required to achieve 75% of

maximum efficiency. However, for large scales systems exceeding 1.1 3 105 W

of electrical power, the system footprint begins to shrink below that of the solar

PV supplying it. Systems supplied by more than 1.1 3 106 W of electrical power

can achieve 95% of maximum efficiency and still have a footprint smaller than

the solar PV supplying them.
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Figure 6. Scale-Up of H2-Mediated Electromicrobial Production SystemsUsing the Calvin Cycle (CBB) to Convert CO2 to 1-Butanol, Model 1 in Table 1

(A) Geometry for mixing H2 by agitation. Note that this reactor may require additional media inlets and outlets for culture maintenance.

(B) As cell density is increased to reduce system footprint, the power required to mix H2 by agitation increases, eventually consuming all of the 330 W

available to the system, (C) reducing the electricity to fuel efficiency to zero.

(D) But, the system footprint to PV area ratio at which the system achieves 50%, 75%, and 95% of its peak efficiency falls with increasing input power to the

system (and solar PV area). (B) to ( D) in this plot can be recreated with the fig-h2agitation-(B) to (D).py programs and the corresponding input files in the

REWIREDCARBON package. Note that the cell densities shown here are much lower than those highlighted in Figure 5.
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DET Matches the Efficiency of H2 and Can Achieve High Efficiencies at Small

Scales

Electron Requirements for Fuel Synthesis in a Reverse Electron Transport System

DET could allow scale-up of EMP through the use of a conductive biofilm to supply

electrons to the cell (Figure 1C). Electroactive microbes can transfer charge to, from,

and between external substrates like metals and even electrodes at distances up to a

centimeter from the cell surface and use specialized metalloprotein complexes that

connect the cell surface to the electron transport chain in the inner membrane (Fig-

ure 2B).98–101

The energy landscape of DET has raised concerns about its use in EMP. The redox

potentials of the membrane spanning cytochrome complex (Mtr in S. oneidensis

at z�0.1 V versus the standard hydrogen electrode [SHE]102) and the inner mem-

brane electron carriers menaquinone (�0.0885 V102) and ubiquinone (0.1 V102) are

too high to directly reduce NAD+ to NADH (�0.32 V103)

Nature suggests that the redox potential mismatch between the inner membrane

and NAD+ is not insurmountable. Today, electroactive micro-aerophilic neutrophilic

iron-oxidizing microbes like Sideroxydans lithotrophicus are able to draw electrons

from the oxidation of iron minerals at redox potentials from +0.7 toz0.1 V to power
Joule 4, 2101–2130, October 14, 2020 2115



ll
OPEN ACCESS Article
CO2-fixation and autotrophic metabolism.104,105 Furthermore, the electroactive

iron-oxidizing microbe Mariprofundus ferrooxydans PV-1 can even be cultured on

an electrode poised at �0.076 V.106 In the distant past it is thought that iron oxida-

tion powered the global carbon cycle.107 It is speculated that an ‘‘uphill pathway’’ is

able to lower the redox potential of electrons in the quinone pool to that of NAD+.102

Recently, Rowe et al.108 provided compelling evidence that a reverse electron trans-

port chain providing an uphill pathway operates in S. oneidensis. While the full com-

plement of genes encoding this pathway remains unknown (although some parts

have been found),108–111 this pathway is proposed to operate by directing part of

a cathodic current downhill in energy to a terminal electron acceptor (in this case,

assumed to be O2) and pumping protons across the inner membrane. The energy

stored in the proton gradient is used to power NAD+ reduction (and potentially

ferredoxin reduction, too) (essentially the electron acceptor for reverse electron

transport) and ATP production. A model for electron uptake by DET is shown in Fig-

ure 2B. It should be noted that as of today there is no known easily genetically engi-

neeredmicrobe capable of both electron uptake by DET (often referred to as reverse

electron transport) and CO2 fixation. At the time of writing, it is unknown why S. onei-

densis is capable of reverse electron transport. This process may allow S. oneidensis

to acquire energy for cellular maintenance in the absence of a carbon source, but we

stress that this is pure speculation. The following discussion considers a possible

highly engineered microorganism capable of both reverse electron transport and

CO2 fixation. However, at the time of writing, we are aware of very few efforts to

model the reverse electron transport process,112 and none that incorporate it into

a start (electricity and CO2) to finish (biofuel) model of EMP.17

Due to the need to sacrifice some current to generate a proton gradient for NAD+

(and possibly Fd) reduction, the number of electrons needed to produce the

NADH, Fd, and ATP for synthesis of a single fuel molecule through DET is higher

than in H2 oxidation (a full derivation is included in Supplemental Experimental Pro-

cedure 7):

nef;EET =

2nf;NADH + 2nf;Fd

+ nf;ATP
ceil

�
DGATP=ADP

�
eDUmembrane

�
floor

��
UQ � UAcceptor

��
DUmembrane

�

+ 2nf;NADH
ceilðUNADH � UQ=DUmembraneÞ

floor
��
UQ � UAcceptor

��
DUmembrane

�

+ 2nf;Fd
ceilðUFd � UQ=DUmembraneÞ

floor
��
UQ � UAcceptor

��
DUmembrane

�:

(Equation 13)

However, counterintuitively, DET-mediated EMP is not dramatically less efficient

than H2-mediated EMP (Figure 4). While the number of electrons needed to produce

a molecule of fuel is higher in a DET-mediated system than in an otherwise compa-

rable H2-mediated system using the same CO2-fixation pathway, the whole-cell

voltage in a DET-mediated system is lower than in a H2-mediated system (DUcell

R1.23 V for H2 but onlyR0.92 V for DET) as the redox potential of Mtr is much lower

than H2.
113 Furthermore, the bias voltages at lab-scale remain approximately the

same,7 meaningmore total current is available to a DET-mediated system. However,

DET-mediated EMP is approximately twice as sensitive to changes in transmem-

brane voltage than a H2-mediated system (Figure S1). How far the efficiency of direct

electron uptake from this maximum depends upon how many protons can be
2116 Joule 4, 2101–2130, October 14, 2020
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Figure 7. Biofilm Resistivity Determines Efficiency Losses in the Scale-Up of DET-Mediated

Electromicrobial Production, Model 2 in Table 1

(A) The system shown here has an anode bias voltage of 0.47 V, fixes CO2 with the Calvin cycle and

produces butanol (A). The electrical to fuel efficiency of an EMP system drops after a threshold

resistivity is reached. The thicker the biofilm, the earlier this drop occurs.

(B) Maximum biofilm thickness and minimum area needed to achieve 50%, 75%, and 95% of peak

efficiency. This plot can be recreated with the fig-EETscaleup- A.py and B.py programs and

corresponding input files in the REWIREDCARBON package. Representative conductive matrix

resistivities and heights: r1, high conductivity polypyrrole126; r2, individual cable bacteria

filaments124; r3, individual S. oneidensis nanowires
123; r4, bulk G. sulfurreducens and S. oneidensis

biofilm resistivities116,121,122; r5, polypyrrole conductive matrix for S. oneidensis127; r6,

Marinobacter-Chromatiaceae-Labrenzia (MCL) electroautotrophic cathode biofilm16; r7, bulk E.

coli biofilm150; r8, HBr doped polyaniline153; r9, low conductivity polypyrrole126; h1, MCL

electroautotrophic biofilm; h2, G. sulfurreducens biofilms; h3, polypyrrole conductive matrix for S.

oneidensis; h4, cable bacteria biofilms and individual filaments (Supplemental Experimental

Procedure 9 and Tables S4 and S5). To help interpretation of (B) we have re-drawn this panel as

three separate panels, each with a single curve representing the area and thickness of the biofilm at

each efficiency in Figure S8. We have highlighted seven speculative biofilm configurations (C1 to C7)

in white circles that are summarized in Table 2.
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pumped from the cytosol into the periplasm relative to the maximum possible. The

effect of limiting the number of proton-pumping events is shown in Figure S9.

Energy Losses in a Conductive ECM

The scale-up of DET-mediated EMP is potentially much easier than H2 -EMP. We

built a model of scale-up for a DET-mediated system assuming that the dominant

source of overpotential is the resistivity of the biofilm. Simply put, the smaller the

area of the conductive ECM, the easier (and cheaper) it will potentially be to

construct an EMP reactor. The smaller the area of the biofilm, the thicker it needs

to be (the same number of cells can either be arranged in a short wide-area biofilm,

or thick low-area biofilm). However, the thicker the biofilm is, the higher its resistance

will be, the greater the energy losses suffered in transporting electrons across the

conductive ECM will be, and the lower the overall energy conversion efficiency.

This section aims to specify the biofilm resistivity needed to achieve a given accept-

able energy conversion efficiency for a system with a specified internal area (and

hence biofilm thickness). We illustrate this with seven ECM configurations high-

lighted in Figure 7B and summarized in Table 2. We do not specify how these resis-

tivities will be achieved (i.e., what the conduction mechanism needs to be metallic,

redox gradient, or something else), but we do reference naturally occurring and syn-

thetic systems in which these resistivities and thicknesses have been observed, either

together or separately. One could think about this section as an answer to the ques-

tion: if I know what internal area is acceptable for a viable bioreactor, what
Joule 4, 2101–2130, October 14, 2020 2117



Table 2. Representative Conductive ECM Configurations

Configuration % of Peak
Efficiency

Electrical to
Biofuel
Efficiency (%)

Resistivity
(U cm)

Thickness
(mm)

Area (m2)

C1 45.7 95 8,952 55 15

C2 24.1 50 29,000 130 3.4

C3 24.1 50 2,650 440 1

C4 45.7 95 1,600 130 6.4

C5 45.7 95 38 830 1

C6 24.1 50 5 104 0.044

C7 45.7 95 0.26 104 0.079

Summary of conductive ECM area, height, resistivity, and corresponding electrical-to-biofuel conversion

efficiency configurations shown in Figure 7B.
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combination of biofilm thickness and resistivity can I get away with? Alternatively: if I

know I can only make a biofilm with a given thickness and resistivity, what internal

area do I have to build into my reactor to achieve a chosen efficiency?

This model of scale-up of a DET-mediated EMP system relies upon a simplified

version of the framework for biofilm conduction laid out by Korth and Harnisch.17

First, while stratification of metabolic activity has been observed in naturally evolved

anode biofilms,114 we introduce the constraint that each cell in the biofilm receives

sufficient current to operate at its maximum possible metabolic rate, set by its CO2-

fixation rate (6.2 3 107e�cell�1s�1, or 9.9 pA cell�1, for butanol production with the

Calvin cycle, see Supplemental Experimental Procedure 3). Second, we make the

assumption that electron transport across the conductive biofilm is a one step pro-

cess.17 Third, while the redox gradient model appears to most accurately describe

electron conduction in naturally occurring electroactive biofilms,115–119 Korth and

Harnisch17 and Ing et al.120 note that low conductivity biofilms can be treated as

Ohmic conductors for the purposes of calculating the voltage needed to drive a

given current across the biofilm. Thus, the bias voltage needed to transport the min-

imum current (Icell) needed to produce maximum metabolic activity even in the cell

furthest from the electrode is:

DUbiofilm = rbiofilmhbiofilmIcell=Abiofilm: (Equation 14)

We developed a set of five coupled equations to solve for the cell current Icell, the

bias voltage needed to drive current across the biofilm DUbiofilm, the area of the bio-

film Abiofilm, the total number of cells in the biofilm Ncells, and the volume of the bio-

film Vbiofilm in Supplemental Experimental Procedure 8. These equations were

solved numerically, and the results are shown in Figure 7. Unlike agitation-based sys-

tems, the energy cost of electron transport by DET scales linearly with system size:

for a given biofilm resistivity, the ratio of the areas of the biofilm and the solar panel

supplying it with electricity remains constant. Moreover, there is no obvious penalty

for operating small-scale systems as there is with agitation.

At low resistivities (high conductivities) the biofilm overpotential is small, allowing a

conductive matrix system to achieve close to its maximum possible efficiency, set

only by the thermodynamic minimum voltages and any non-biofilm bias in the sys-

tem (Figure 7A). However, above a critical resistivity, the efficiency drops precipi-

tously. For a 50 mm thick film, the efficiency starts to drop below 95% of maximum

at a resistivity ofz105 U cm, considerably higher than the commonly reported resis-

tivities of Geobacter sulfurreducens and S. oneidensis biofilms (r4 in Figure 7A,
2118 Joule 4, 2101–2130, October 14, 2020
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Supplemental Experimental Procedure 9).116,121,122 Note that the peak efficiency

shown in Figure 7A exceeds that shown in Figure 4 bar L as we assume only anode

bias initially (the cathode bias grows as the biofilm thickness increases).

As the resistivity of the conductive matrix increases, its thickness must decrease and

its area must increase in order to maintain a given efficiency. In contrast to a 50 mm

film, a 1 cm thick film suffers a drop in efficiency to 50% of maximum at a resistivity of

onlyz10 U cm, well below the resistivity range ofG. sulfurreducens and S. oneiden-

sis biofilms116,121,122 but above the reported resistivities of individual S. oneidensis

nanowires (r3 in Figure 7A)123 and individual filaments produced by the cable bac-

terium Thiofilum facile (r2 in Figure 7A).124

Figure 7B shows the maximum conductive matrix thickness and minimum area able

to achieve a given fraction of peak efficiency as a function of resistivity. We have

highlighted seven configurations of ECM area, thickness, resistivity, and their corre-

sponding electrical-to-biofuel conversion efficiency in Figure 7B and summarized

them in Table 2. We believe that the first three configurations (C1 to C3), with high

areas, low thicknesses, and higher resistivities are readily achievable, given natural

precedent. On the other hand, the fourth configuration (C4) is at the edge of what

is presently achievable, while the last three (C5 to C7) are more speculative and

will require significant advances in biofilm engineering. However, we do believe

that they may fall within the realm of possibility.

Biofilm Configuration C1: If 95% of peak efficiency (45.7% electrical-to-biofuel con-

version efficiency, assuming no additional cathode bias) were desired, but only a thin

biofilm of 55 mm with a high resistivity of 8,952 U cm could be produced, then a bio-

film area of 15 m2 would be needed.

Biofilm Configuration C2: If a film thickness of 130 mm can be achieved (well

within the range of commonly observed G. sulfurreducens and S. oneidensis bio-

film thicknesses), then the biofilm area could be decreased to 3.4 m2, with a high

biofilm resistivity of 29,000 U cm (above that of many conductive biofilms,

perhaps allowing some conductivity to be sacrificed to enable increased CO2

inflow or biofuel outflow) if 50% of peak efficiency (24.1% electrical to biofuel)

is acceptable.

Biofilm Configuration C3: If 50% of peak efficiency is still acceptable, then the biofilm

area can be constrained to 1 m2 (equal to that of the solar PV supplying it) if the bio-

film resistivity is reduced to 2,650 U cm, well within the range of G. sulfurreducens

and S. oneidensis biofilm resistivities. However, the corresponding film thickness

is 440 mm, about 33 the height of most commonly observed G. sulfurreducens

and S. oneidensis biofilms (although Renslow et al. did observe S. oneidensis films

as thick as 450 mm). However, artificial polypyrrole conductive ECMs have been pro-

duced that are as thick as 600 mm and have resistivities as low as 312 U cm (r5 in

Figure 7).

Biofilm Configuration C4: On the other hand, if a thickness of 130 mm and resistivity

of 1,600U cm are simultaneously achievable, 95% of peak efficiency can be achieved

if a 6.4 m2 biofilm area is acceptable. We believe this configuration (resistivity and

thickness) may be just possible with current knowledge and technology.

If low conversion efficiency (z50% of peak) or high internal area (R1 and <z153

the area of the solar PV supplying the reactor) (or both) is acceptable, then naturally
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occurring biofilms like those produced by S. oneidensis and G. sulfurreducens

already supply the necessary resistivities and thicknesses.

Biofilm Configuration C5: If a 1 m2 biofilm with a resistivity 38U cm and a thickness of

830 mm could be produced, 95% of peak efficiency could be achieved.

Biofilm Configuration C6: If a biofilm could be produced with a 1 cm thickness and an

area of only 0.044 m2 then 50% of maximum efficiency could be achieved.

Biofilm Configuration C7: If a biofilm of 1 cm thickness, with a resistivity of 0.26U cm,

and an area of 0.079 m2, 95% of peak efficiency could be achieved.

If low internal area (%13 the area of the solar PV supplying the system) or high effi-

ciency (z95% of peak) (or both) are desired, high biofilm thicknesses (z1 cm) and

very low resistivities (<z50 U cm) will be required in combination. Are these high

thicknesses and low resistivities possible, even in isolation? Individual S. oneidensis

nanowires have a resistivities of 1 U cm (at least when on an electron microscopy

grid).123 Meanwhile, individual T. facile (a species of cable bacteria) filaments can

have resistivities as low as 1.3 3 10�2 U cm, over lengths of up to 10.1 mm 124 (h4
and r2 in Figure 7).

Is it possible to produce an entire biofilm that is z1 cm thick and with a resistivity

similar to (almost certainly not necessarily equal, but not orders of magnitude less

either) those of individual T. facile or S. oneidensis filaments? Cable bacteria are

capable of producing z1cm thick biofilms,125 so high thickness has natural prece-

dent. However, we are unaware of any naturally occurring biofilm with an overall re-

sistivity of %200 U cm (a G. sulfurreducens film with a thickness of

approx. 100 mm116).

Could artificial conductive organic polymers point the way toward a high thickness

low resistivity biofilm? Polypyrrole, depending upon preparation technique, can

have a resistivity as low as 1.1 3 10�2 U cm.126 Furthermore, Yu et al. constructed

an artificial conductive matrix for S. oneidensis from polypyrrole with a resistivity

of 312 U cm with a thickness of 200 to 600 mm.127 Taken together, these data points

suggest that a high thickness, low resistivity film is possible. Would it be possible to

synthesize such a film biologically, to enable self-assembly and self-repair? Recent

advances in computational protein design might enable design of enzymes that

can synthesize and secrete a conductive polymer with similar properties to polypyr-

role. Achieving this is likely to be a grand challenge in biofilm engineering but may

be within the realm of possibility.

On a final practical note, it is likely that any biofilm used in scaled-up DET-EMP will

need to be cultivated prior to the culture switching into a CO2-fixing and product-

synthesizing mode. Furthermore, these high biofilm thicknesses could need elabo-

rate cultivation and maintenance strategies. For example, continuous chemostat

cultivation may be needed to at least provide trace element needs, if not also fixed

carbon and nitrogen for an initial heterotrophic growth phase. Alternatively, batch

growth or even solid media strategies may be required.

Electrochemical CO2 Fixation Could Allow Very High Electricity to Fuel

Conversion Efficiencies

H2-oxidation and DET could be an important complement to electrochemical CO2-

fixation technologies. Current electrochemical CO2-fixation systems typically
2120 Joule 4, 2101–2130, October 14, 2020
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produce compounds with no more than two carbons that are often not completely

reduced.73 By contrast, most drop-in fuels require at least 2 to 3 carbons, with 8 elec-

trons each.

Li et al. demonstrated the reduction of formate to isobutanol and 3-methyl-1-

butanol (3MB) by the H2-oxidizing microbe R. eutropha.22 While this work relied

upon oxidation of formate to CO2 and subsequent re-fixation by RuBisCO, recent

advances in artificial computational metabolic pathway could enable enzymatic

transformation without reliance upon this bottleneck.128,129

The efficiency of electrochemical CO2-fixation EMP schemes is set by the number of

electrons ne,add needed to produce the NAD(P)H, Fd, and ATP needed to transform

the primary fixation product to a biofuel; the charge needed to synthesize the pri-

mary electrochemical CO2-fixation product, enep; the number of carbons in each pri-

mary fixation product, nCp; the faradic efficiency of the first electrochemical reaction,

xI1, (while we are calculating an upper limit on efficiency we have rarely seen

xI1>0:8
73); the efficiency of carbon transfer to the second cell xC; and the faradic ef-

ficiency in the second cell xI2(Supplemental Experimental Procedure 10):

h=
Pe;availEfuelxI2

ene;add

	
DUcell1

	
nPnepnCpxI2

xI1xCne;add



+DUcell2



Pinput;total

: (Equation 15)

Even with only 80% faradic efficiency for the conversion of CO2 to formate, the elec-

trical energy to butanol conversion efficiency of the formolase artificial metabolic

pathway128 powered by either H2-oxidation or EET exceeds all fully enzymatic

CO2-fixation pathways with the exception of the rTCA cycle and Wood-Ljungdahl

pathway Figure 4 and suffers no complications of O2-sensitivity.
Conclusions

What combination of electron uptake, electron transport, and carbon fixation is the

best for EMP? The model of EMP lets us sketch out a roadmap for how to proceed

with the technology. We outline 10 possible development and deployment sce-

narios that could be pursued in the near and further future in Table 3 along with their

advantages, disadvantages, and suggested niche.

This work shows that H2 EMP using the Calvin cycle23,24 is already highly optimized.

This means that engineering the host microbe (e.g., R. eutropha) by adjusting

expression levels of enzymes already encoded in the genome or changing the trans-

membrane voltage (Table 3, scenario 8) are unlikely to produce gains of more than a

few percentage points in electricity to biofuel conversion efficiency.

One genetic engineering route to increased electrical-to-biofuel conversion effi-

ciency (from z40 % to as high as 55% at lab scales) is the incorporation of any

one of the CETCH, 3HP-4HB, rTCA, or WL CO2-fixation pathways (Table 3, scenarios

2 and 7). Although this approach may not be for the faint hearted, recent impressive

progress in engineering the Calvin cycle into E. colimakes this a tantalizing possibil-

ity.29,130 While incorporation of the rTCA or WL pathways would yield the greatest

increase in efficiency, the need to use O2 as a terminal electron acceptor to achieve

maximum efficiency means that the O2-sensitivity of these pathways will need to be

mitigated. However, incorporation of the CETCH or 3HP-4HB pathways would allow

for an z10% increase in electrical-to-biofuel conversion efficiency over what has

been demonstrated in the lab.24
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Table 3. Future Research and Development and Deployment Scenarios for Electromicrobial Production.

# Scenario Advantages Drawbacks Display Item

1 Metabolically engineer R. eutropha
by adjusting enzyme expression.

Straightforward genetic engineering. Unlikely to produce significant gains
in electricity to biofuel conversion efficiency.

Figures 4C and 4D

2 Engineer H2-oxidizing chassis with
more efficient CO2 fixation.

Significant increase in electrical to
bio- fuel conversion efficiency.

Significant increase in genetic
engineering complexity.
O2-sensitivity (rTCA and WL).

Figures 4E–4H

3 Engineer H2-oxidizing chassis with
formate assimilation pathway.

Significant increase in electrical-to-
biofuel conversion efficiency.
Less complex genetic engineering.
No known O2-sensitivity issues.

Increased system complexity due to
electrochemical CO2 reduction.

Figures 4T and 4V

4 Deploy H2-EMP in large volume
stirred tank reactor at ambient
pressure.

Small footprint.
Low system complexity.

Potential for H2 escape and energy
loss. Only efficient at large scales
(R 1 MW).

Figure 6

5 Deploy H2-EMP in a diffusional
hollow fiber reactor at ambient
pressure.

Efficient at all power scales. High reactor complexity due to large
in- ternal surface area.
Potential for H2 escape and energy loss.

Figure 5B

6 Deploy H2-EMP in a diffusional
hollow fiber reactor at high
pressure.

Efficient at all power scales.
Significantly reduced internal area
compared with ambient pressure case.

Increased complexity due to need to
maintain high internal gas pressure.
Explosive atmosphere.
Potential for H2 escape and energy loss.

Figure 5B

7 Engineer DET chassis with
CO2-fixation pathway.

No volatile intermediate (H2). Small efficiency loss compared with
H2-oxidizing chassis organism.
Highly complex genetic engineering.

Figure 4, bars L–O
and 4P

8 Engineer DET chassis with a
formate assimilation pathway.

Potential significant increase in
electrical-to-biofuel conversion
efficiency over a chassis using
the CBB cycle.
Less complex genetic engineering.
No known O2-sensitivity issues.

Increased system complexity due
to electrochemical CO2 reduction.

Figure 4, bars S
and U

9 Deploy DET-EMP with a
conductive ECM.

No volatile intermediate (H2).
Potential for low internal area reactor.
Room for reduction in ECM
conductivity to allow CO2 access
and product extraction.

Small efficiency loss relative to H2-
transport.
Potential difficulty in cultivating and
maintaining large area ECMs.
Product extraction and CO2 access to
the biofilm could compromise conductivity.
Engineering biofilm formation poses
significant genetic engineering
challenge.

Figure 7

10 Engineering a QD-DET-EMP
hybrid.

No volatile intermediate (H2).
Potential for extremely low complexity
system.

High complexity of genetic engineering
to introduce CO2 fixation of any sort to
DET-chassis organism.

ECM, extracellular matrix. Note that all H2-EMP schemes have some H2 escape and explosion hazard associated with them. The explosion risk is miti-

gated at laboratory scale by restricting H2 partial pressure to 5% or less of a total of 1 atmosphere.94 Likewise, batch culturing methods used in the lab

(scenarios 1 to 3) significantly reduce the chances of H2 escape. However, in large-scale deployment scenarios (scenarios 4 to 6) both the explosion and

escape risks grow and have been noted as particular concerns. The explosion risk is significantly enhanced in scenario 6 by the use of a high-pressure

atmosphere.
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Alternatively, if one were to dispense with in vivo CO2-fixation and replace it with

ex vivo electrochemical CO2 reduction and engineer in vivo formate assimilation (Ta-

ble 2, scenario 3 or 8), efficiency gains could approach those achieved by intro-

ducing the rTCA cycle but would be much more genetically tractable. Additionally,

there is room for further improvement as new artificial pathways for processing elec-

trochemically fixed CO2 are invented. However, this approach adds further system

complexity and potential cost and would still fall short of the efficiency achieved

with the incorporation of theWL pathway. Thus, the greatest gain in efficiency would

require mitigating O2-sensitivity, such as the development of O2-tolerant versions of

key enzymes or sequestering these enzymes inside O2-impermeable cellular

compartments.
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The already-optimized efficiency of H2-EMP with the Calvin cycle raises the ques-

tion: is it time to take it out of the lab? And if H2-EMP were to be optimized further

with the introduction of an alternative CO2-fixation pathway, how would such a sys-

tem scale up? Agitation (Table 2, scenario 4) is the most mature, lowest cost, and

most easily implemented technology for electron transport considered in this

article. However, the high energy cost of stirring small volumes means that the

smallest increment of storage that can be built is z1 MW, about the size of a large

solar farm. This is very large relative to residential storage needs (the average

American home uses electrical energy at the rate of about 1.3 kW) but tiny

compared with the production needs for aviation fuel (when converted to jet

fuel with z50% efficiency 1 MW corresponds to z50 L h�1. A 787–9 consumes

fuel at the rate of z7,000 L h�1).

It is not clear that H2-EMP will ever take on batteries for home energy storage.

H2-EMP could operate very efficiently at a small power scale if H2 is transported

by diffusion (Table 2, scenario 5). However, this approach demands a high inter-

nal area reactor. This problem can be ameliorated by operating at high H2 pres-

sure (Table 2, scenario 6), but it is likely that this will increase cost and incur sig-

nificant safety risks. We would be foolish if we dismissed this approach outright,

but we believe this analysis highlights significant technology risks. When consid-

ering real-world application, our results indicate that H2-EMP may be best em-

ployed with agitation for very large-scale commercial applications, such as the

production of jet fuel. Although one would rarely, if ever, use high-pressure H2

in a biological laboratory setting, the use of high-pressure H2 may not be intrin-

sically a problem as it is commonly used in industrial chemical processes

including the Haber-Bosch process (200 to 400 MPa) and the Fischer-Tropsch

process (a few 100 MPa).

Counter to intuition, the efficiency of DET-EMP using a reverse electron transport

chain could almost match that of H2-mediated EMP with laboratory overpoten-

tials. However, at least three scientific challenges stand in the way of DET-EMP.

First, as of today there is no known easily genetically engineered microbe capable

of both electron uptake by DET and CO2 fixation, meaning that this would need

to be created. While the electro-cultivation method developed by Summers

et al.106 could in principle allow an electroactive microbe capable of electron up-

take and CO2-fixation like M. ferrooxydans PV-1 to be engineered to synthesize a

biofuel, we are unaware of any report of this at the time of writing. As of today,

we are still elucidating the full complement of genes encoding the reverse elec-

tron transport chain, and thus, we cannot yet estimate the complexity of the ge-

netic engineering required to express these in an engineerable chassis organism

such as E. coli. This question may be answered by comprehensive genomic

studies of microbes thought to be capable of reverse electron transport such as

S. oneidensis.

Second, we are unaware of any detailed models of DET-EMP reactors that incorpo-

rate conductive ECMs and CO2-fixing electroactive microbes using a reverse elec-

tron transport chain. As a result, another open question is just how much simpler

construction and operation of a DET-EMP reactor would be compared with a H2-

EMP reactor.

Finally, it is unclear how easy it would be for self-assembly of the large area ECMs

that DET-EMP could rely upon. For ECMs with conductivities similar to those pro-

duced by G. sulfurreducens and S. oneidensis several square meters of ECM would
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be required for every square meter of solar panel. In the lab, ECMs with areas

exceeding only a few square centimeters are rarely seen.131 If the very high reported

conductivities of cable bacteria ECMs can be reproduced, these could reduce the

ECM area to only a few square centimeters.

Despite these uncertainties, DET-EMP holds potential for clear advantages over H2-

EMP if these challenges can be overcome. In principle, DET-EMP coupled to a self-

assembled conductive ECM could reduce construction costs; allow us to dispense

with volatile intermediates like H2, reducing safety concerns, and allow operation

in an ambient atmosphere, potentially dramatically reducing operating costs as

well. Furthermore, when considering real-world application, there is no obvious pen-

alty for operating small-scale systems, meaning that DET-EMP could enable highly

distributed energy storage.

We know it is possible to grow conductive ECMs with sufficiently high conductiv-

ities and thicknesses that a high-efficiency, low-footprint, relatively low internal

area DET-EMP system could be produced with the microbes we already have avail-

able today. For example, while the internal areas of DET-EMP reactors using most

achievable biofilm configurations, C1 to C3(Table 2) are between 1 and 153 the

area of the solar PV supplying them, the internal area of a H2-EMP reactor relying

upon H2 diffusion at ambient pressure will be hundreds to thousands of times the

area of the PV supplying it (Figure 5). Recent developments in the construction of

engineered biofilms132 suggests that it might be possible to build a biologically

synthesized conductive matrix that is tailored for EMP with low resistivity, high

thickness, low area (%13 the area of the PV supplying the reactor), and high

accessibility for CO2 and product egress (Table 3, scenario 9). At the time of

writing, such parameters for a biofilm are completely hypothetical, making the

possibility of constructing one pure speculation, but the regular development of

new cutting-edge tools for genetic engineering allows us to push the limits of

what is possible. Overall, however, it remains an open question if the potential re-

ductions in cost and system complexity of DET-EMP versus H2-EMP are worth the

trade-off in the amount of complex genetic engineering that would be needed for

such a feat.

Recent developments in coupling photo-chemistry with DET133 opens up the possi-

bility of constructing quantum-dot (QD)-microbe hybrids that directly inject elec-

trons in to the EET complex and then into metabolism (Table 3, scenario 10). This

would allow for the development of a system free of photovoltaics and electrodes

that could be deployed at potentially extremely low cost. The possibility of adjusting

the redox potential of the Mtr EET complex without significantly reducing efficiency

(Figure S6), along with the tunability of the electronic structure of quantum dots

could allow significant room for engineering. Here, the potential for significant

cost reduction could make for a significant payoff for the complex genetic engineer-

ing required to combine DET and carbon fixation.

The upper limits of efficiency of the EMP schemes presented here exceed those of all

known forms of photosynthesis. Are these gains in efficiency worth pursuing? Can

EMP achieve a significantly higher fraction of its theoretical efficiency in the real

world than photosynthesis at an affordable cost? This analysis does not concern a

specific naturally occurring or lightly engineered system but rather a highly engi-

neered system that does not yet exist, designed to operate at the limit of its poten-

tial, so we cannot guarantee this. But, the framework developed here gives us and

other investigators the ability to rapidly understand the potential bang for buck of
2124 Joule 4, 2101–2130, October 14, 2020
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EMP technologies (of which there are many more than presented here), which ge-

netic engineering interventions are worth pursuing and which are not. We hope

that with the roadmap this framework gives, we and others in parallel can rapidly

advance the field in multiple directions.
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and Steuer, R. (2018). Exploring the potential
of high-density cultivation of cyanobacteria
for the production of cyanophycin. Algal Res
31, 363–366.

146. Cammack, R., Rao, K.K., Bargeron, C.P.,
Hutson, K.G., Andrew, P.W., and Rogers, L.J.
(1977). Midpoint redox potentials of plant and
algal ferredoxins. Biochem. J. 168, 205–209.

147. Schoepp-Cothenet, B., Lieutaud, C.,
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