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Abstract 

The integration of electrochemical and microbial processes offers a unique opportunity to displace fossil 

carbon with CO2 and renewable energy as the primary feedstocks for carbon-based chemicals. Yet, it is 

unclear which strategy for CO2 activation and electron transfer to microbes has the capacity to transform the 

chemical industry. Here, we systematically survey experimental data for microbial growth on compounds that 

can be produced electrochemically, either directly or indirectly. We show that only a few strategies can support 

efficient electromicrobial production, where formate and methanol seem the best electron mediators in terms 

of energetic efficiency of feedstock bio-conversion under both anaerobic and aerobic conditions. We further 

show that direct attachment of microbes to the cathode is highly constrained due to an inherent discrepancy 

between the rates of the electrochemical and biological processes. Our quantitative perspective provides a 

data-driven roadmap towards economically and environmentally viable realization of electromicrobial 

production. 
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Introduction 

Establishing a circular carbon economy is imperative for reducing carbon dioxide emissions and weaning 

industry from its dependence on fossil carbon. At its core, a circular carbon economy demands the use of CO2 

as the fundamental feedstock for the production of carbon-commodities. Production of chemicals and fuels 

based on photosynthetic carbon assimilation – by plants, algae or cyanobacteria – is unlikely to be a long-term 

solution due to inherent low efficiency1–4, erosion of food security and biodiversity, and inefficient use of 

resources such as water and minerals5. On the other hand, non-biological catalytic conversion of CO2 into 

complex chemicals is challenging due to low product selectivity, use of environmentally hazardous 

substances, and the requirement of high temperature and pressure6,7. An emerging solution, which has gained 

substantial momentum in the past decade, is to integrate physicochemical and biological processes to 

optimize CO2 conversion into biomass and carbon commodities8–10. The capture of renewable energy – solar, 

wind, hydro, and geothermal – is most efficiently performed using non-biological means, such as photovoltaic 

cells, concentrated solar technologies, or wind and water turbines. Electricity, the key product of most of these 

energy conversion technologies, can then be used to energize microbial growth and CO2 conversion into 

products of interests – a process that we refer to as electromicrobial production.   

Electromicrobial production thus provides one of the most promising ways to realize the vision of a circular 

carbon economy4,7,8. A key challenge in this technology is the transfer of reducing power from the abiotic 

(electrodes) to the biotic (microbial) world. As shown in Figure 1A, this can be sustained via direct attachment 

of the microbes to the cathode (usually referred to as microbial electrosynthesis8) where electrons are either 

transferred directly to the microorganism or are used to generate a reduced compound that is consumed in 

situ by the attached microbe. Alternatively, electrons can be shuttled to the microorganism using a mediator 

compound that is consumed by free floating microbes as a growth feedstock. Such electron carriers include, 

for example, hydrogen11–13,  inorganic ions (e.g., ferrous ions, ammonia, nitrite, sulfide14,15), and simple organic 

molecules (e.g., carbon monoxide, formate, methanol, ethanol11,16). These compounds can be produced either 

directly via an electrochemical process (Figure 1B) or via a two-step process in which hydrogen, produced 

from water electrolysis, is catalytically reacted with CO2 or another inorganic compound (Figure 1C). 

Despite the substantial progress demonstrated with different electromicrobial production strategies, it remains 

unclear which holds real transformative potential. The purpose of this study is to systematically analyze and 

compare different electromicrobial production strategies. We compile a comprehensive dataset of 

experimentally measured microbial growth parameters and use it to calculate the energetic efficiency and 

electron consumption rate associated with the use of different electron mediators and pathways. We show that 

under both anaerobic and aerobic conditions, formate and methanol are the best mediators in terms of 

energetic efficiency. We further demonstrate – using both a back-of-the-envelope calculation and a simplified 

cost estimation model – that direct attachment of microbes to the electrode is highly limited by a low current 

density, favoring spatial decoupling of the electrochemical and biological processes. We combine these 

analyses with several other physicochemical considerations (e.g., insolubility of gaseous mediators) to 

highlight the advantages and disadvantages of different electromicrobial production strategies.   
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Results 

Comprehensive analysis of microbial growth on electron carriers 

We first analyzed microbial consumption of electron carriers (Figure 1B,C) by conducting a comprehensive 

literature search to collect measured growth rates and yields. Our survey included microbial growth on 

hydrogen and organic compounds that can potentially be produced via electrochemical reduction of CO2: C1 

compounds, including carbon monoxide, formate, methanol, and methane, and C2 compounds, including 

ethanol, acetate, and oxalate. We further considered inorganic electron carriers: ferrous ion, ammonia, nitrite, 

sulfide, thiosulfate, and phosphite. Complex organic electron shuttles, such as phenazines, flavins or methyl 

viologen8, were not considered, as information on their uptake rates and conversion efficiencies is scarce. 

Regarding terminal electron acceptors, only two molecules – oxygen and carbon dioxide – are freely available 

and hence are reasonable to use from a biotechnological perspective. Accordingly, we analyze growth using 

the reductive acetyl-CoA pathway, the only anaerobic route that can use CO2 as sole electron acceptor; 

aerobic growth on C1 compounds (including H2/CO2); aerobic growth on C2 compounds; and aerobic growth 

on reduced inorganic compounds. Overall, we compiled a comprehensive database containing >200 entries of 

experimentally measured growth parameters sub-classified by assimilation pathways (Supplementary Data 

1). 

We use these experimental values to derive two key growth properties: energetic efficiency of substrate 

conversion and rate of electron consumption. As electricity generation has a significant environmental footprint 

and is an expensive input for electromicrobial production17, the energetic efficiency of substrate conversion has 

a decisive effect on the sustainability and economics of the overall process. As explained in detail in the 

Methods, the energetic efficiency was calculated as the percentage of the combustion energy of the substrate 

that is retained in either the product (for anaerobic growth, inherently coupled to the biosynthesis of a specific 

compound) or in the biomass (for aerobic growth, in which byproducts are mostly absent). As a 

complementary factor, we normalized the feedstock consumption rate to represent the rate of electron 

consumption, enabling us to compare the productivity limit associated with different feedstocks (Methods). All 

values are given in the Supplementary Data 1. Figure 2 presents the characteristic energetic efficiencies and 

electron consumption rates of all electrons carriers and pathways analyzed.  

We note that while energetic efficiency represents a rather fixed (pathway-dependent) thermodynamic-

stoichiometric constraint, electron consumption rate might be more amenable to improvement, e.g., by fine 

tuning cellular metabolism or by lab evolution to increase feedstock uptake rate. As such, energetic efficiency 

presents a more stringent criterion for evaluating the suitability of feedstocks and pathways to support 

electromicrobial production.  

Anaerobic growth via the reductive acetyl-CoA pathway 

Our analysis shows that (anaerobic) acetogens display high energetic efficiency of substrate to product 

conversion, characteristically 70-90% (Figure 2). The reductive acetyl-CoA pathway, used by acetogens, is the 

only metabolic route that provides energy to the cell (in the form of ATP) while assimilating and reducing CO2 

and/or C1 compounds18. To generate ATP for cellular growth and maintenance, the cell metabolizes (most of) 
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the C1 electron carrier into a secreted product. Since the energy gain from this conversion is low, the vast 

majority of the electrons in the feedstock are channeled towards the product to generate a sufficient amount of 

cellular energy, resulting in a high product yield and energetic efficiency18. As shown in Figure 2, acetogenic 

growth also supports a high electron consumption rate which can reach 100 μmol-electrons per second per 

gram dry cell weight (gDCW). 

Interestingly, the energetic efficiency associated with growth of acetogens on the rarely used feedstocks 

formate and methanol is higher than that achieved with the more commonly used hydrogen. On the other 

hand, growth on the higher energy substrate carbon monoxide lowers the product yield and hence the 

energetic efficiency. This seemingly counterintuitive observation stems from the fact that more ATP molecules 

can be produced per consumed substrate, freeing more substrate molecules to be used for biomass 

generation rather than energy conservation via product biosynthesis.  

Despite several advantages, bioproduction using acetogens has distinctive drawbacks. While recently 

developed genetic tools enable the establishment of new biosynthesis routes in acetogens19,20, the product 

spectrum of these microorganisms remains limited. One of the main reasons for this is energetic limitation: 

only compounds whose biosynthesis generates ATP can be produced. As a result, acetogenic production is 

constrained to chemicals such as ethanol, isopropanol, n-butanol, and 2,3-butanediol21,22. Only acetate and 

ethanol are currently produced by acetogens without byproducts. Moreover, despite high electron consumption 

rate, the overall productivity of acetogens is limited by two factors: (i) low growth rate, characteristically < 0.05 

h-1; and (ii) low maximal cell concentration23, characteristically < 5 g·L-1, which is an order of magnitude lower 

than aerobic microbes24,25.  

Methanogens also use the reductive acetyl-CoA pathway for anaerobic growth. In general, the energetic 

efficiencies and electron consumption rates associated with methanogens are similar to those of acetogens 

(not shown in Figure 2, see Supplementary Data 1). Methanogenic growth on hydrogen under thermophilic 

conditions uniquely displays an impressive electron consumption rate, up to 500 μmol-electrons per second 

per gDCW (Supplementary Data 1). Yet, while genetic tools for engineering methanogens are becoming 

available26,27, using methanogens to produce compounds other than methane is highly challenging. 

Only few promising feedstocks and metabolic pathways for aerobic growth 

In aerobic growth, bioproduction and cellular energy conservation are largely decoupled, thus removing the 

thermodynamic restrictions associated with anaerobic growth and allowing for the biosynthesis of any 

chemical of interest. The energetic efficiency obtained in aerobic feedstock conversion is however much lower 

than that reached anaerobically, as a substantial fraction of the feedstock electrons ends up reducing O2 to 

water rather than in the product. As experimental data on aerobic product yields using C1 feedstocks are 

scarce, we instead used the widely available data for biomass yield. While product and biomass yields do not 

necessarily correlate (as the former strongly depends upon the chosen product and the biosynthesis route), 

biomass yield provides the only useful benchmark for comparison of different feedstocks and pathways. 

(Production yields from different C1 feedstocks are available only for polyhydroxybutyrate; the higher biomass 

yield of methylotrophic growth compared to autotrophic growth – as discussed below – is indeed reflected by a 

somewhat higher polyhydroxybutyrate yield, see Supplementary Data 1).  
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Figure 2 shows that the energetic efficiency of aerobic feedstock to biomass conversion strongly depends on 

the growth substrate and metabolic pathway. For C1/C2 substrates this energetic efficiency lies in the range of 

20-55% (for comparison, it is 50-60% for aerobic growth on glucose, as shown in Supplementary Data 1). 

Autotrophic growth using inorganic electron carriers (other than hydrogen) is characterized by high electron 

consumption rates but low energetic efficiencies, 5-30% (a few thermophilic exceptions for thiosulfate 

consumption are shown in Supplementary Data 1). This low efficiency practically rules out inorganic electron 

carriers from supporting efficient electromicrobial production (with the possible exception of acetogenic 

phosphite utilization, as discussed below). 

Autotrophic growth on H2/CO2 or C1 feedstocks – using the Calvin Cycle – requires large ATP investment 

which leads to a rather low energetic efficiency of 20-35%. The serine cycle28,29 can support high energetic 

efficiency for formate assimilation, 35-55%, but only moderate efficiency for methanol assimilation, 30-40%; 

yet, the electron consumption rate for growth on methanol is generally higher than that on formate (Figure 2). 

The lower energetic efficiency associated with growth on methanol can be attributed to the use of a quinone-

dependent methanol dehydrogenase (MDH): electron transfer from methanol to the high-reduction potential 

quinones dissipates a substantial fraction of the available energy in the feedstock.  

The energetic efficiency associated with methanol assimilation via the RuMP cycle29, i.e., 40-50%, is 

significantly higher than that of the serine cycle (Figure 2). This higher efficiency is expected due to the lower 

ATP requirement of the RuMP cycle and the use of NAD-dependent MDH which does not waste energy during 

methanol oxidation. The dihydroxyacetone cycle, operating in methylotrophic yeasts, supports an intermediate 

efficiency of methanol assimilation, 30-40%. Methanotrophs operate at a relatively low energetic efficiency, 20-

30%, regardless of the route they are using for formaldehyde assimilation (i.e., serine cycle or RuMP cycle). 

This is to be expected, as methane is oxidized to methanol wastefully using O2 as oxidant and at the additional 

expense of NAD(P)H, such that half the reducing power in the feedstock is effectively dissipated30. Amongst 

the C2 feedstocks, ethanol and acetate support high energetic efficiency of 35-55%, while growth on oxalate – 

via, e.g., the glycerate pathway31 or serine cycle32 – results in a lower efficiency of 25-30%.  

Overall, our analysis illustrates that only four feedstock-pathway combinations support aerobic energetic 

efficiency higher than 40%: formate assimilation via the serine cycle, methanol assimilation via the RuMP 

cycle, ethanol assimilation, and acetate assimilation. Amongst the C1 feedstocks, methanol assimilation via 

RuMP cycle has an advantage over formate assimilation via the serine cycle due to a higher electron 

consumption rate.  

Direct attachment of microbes to the cathode limits current density 

Direct attachment of microbes to the cathode, such that electrons are transferred either via a physical 

connection or via a short distance mediator (e.g., H2, Figure 1A), has previously been discussed as the 

primary mode of electromicrobial production8,33. The main advantage of this approach is its very high energetic 

efficiency, up to 90% for the conversion of electricity to product33. However, microbial attachment to the 

cathode suffers from a number of drawbacks. First, it is limited to a small group of organisms – mostly 

anaerobic microbes which use the reductive acetyl-CoA pathway – hence resulting in a restricted product 

spectrum (mostly acetate and methane)33. Second, optimizing conditions for the activity of the electrochemical 



   

7 

 

and biochemical processes together – in terms of temperature, pH, electrolyte composition, etc. – is 

challenging34 and is unlikely to reach the maximal potential of the two systems when run independently. 

One might argue that these issues could be resolved by extensive engineering. Yet, there is one major 

drawback that would be very difficult to resolve, as it stems from basic physical-biochemical limits: the very low 

current density microbial-cathode attachment systems are able to support. While electrochemical production of 

electron carriers such as H2, carbon monoxide, or formate can operate at hundreds of mA·cm-2 35, current 

densities demonstrated for cathodic microbial attachment are mostly in the range of 1-10 mA·cm-2.33 

A simple back-of-the-envelope calculation shows that this constraint would be almost impossible to overcome. 

Even if we assume a very thick metabolically active biofilm of 100 μm36–38 (neglecting the non-metabolically 

active intercellular matrix39), we reach only ~0.005 gDCW per cm2 of electrode surface area (characteristic 

density of bacteria is 0.5 gDCW·cm-3).40 Using this estimate, a high electron consumption rate of 100 μmol-

electrons per second per gDCW (Figure 2) gives a maximal current density of only ~50 mA·cm-2. The highest 

current density demonstrated for direct microbial-cathode attachment – using a 3D porous electrode – is 17.5 

mA·cm-2,41 still below this limit. This current density is at least an order of magnitude lower than the state-of-

the-art for the electrochemical production of hydrogen42,43, carbon monoxide35,44,45, and formate46,47. This 

serves to emphasize the disparity between the rates of the electrochemical system and the biochemical 

system, highlighting the potential value of spatial decoupling of the two processes.  

Economic interplay between energetic efficiency and current density  

Following the observations described above, we aimed to compare the relative contribution of energetic 

efficiency and current density to the cost of the electrochemical process. When considering the economics of 

electrosynthesis it is a common practice to focus mainly on the cost of electricity, which is considered to be the 

most expensive feedstock17,48. This emphasizes the importance of energetic efficiency but fails to fully capture 

the costs associated with the size of the electrochemical reactor, i.e. of the electrolyzer, which is mostly 

determined by the current density. Depending on the system and its operating conditions, the contribution of 

the electrolyzer size to the overall cost can be substantial and even exceed the cost of electricity. To illustrate 

this quantitatively, we developed a simplified cost model for the electrochemical generation of electron 

carriers, enabling us to compare the relative effect of energetic efficiency and current density on the production 

cost (Methods).  

In contrary to electrochemical water splitting (water electrolysis), electrochemical reduction of CO2 is still at a 

relatively early stage of development and commercial applications have not yet been demonstrated. Therefore, 

we base our analysis on the mature technology of alkaline water electrolysis (AEL), which has been 

comprehensively explored and for which reliable techno-economic data exists49,50. This technology can be 

adapted for CO2 reduction with minor adjustments (gaseous supply of reactant and different cathode 

architecture, Supplementary Figure 1), while maintaining the same cost structure35,43,51. Importantly, AEL 

enables the use of a liquid electrolyte that is well suited both for microbial attachment to the cathode and for 

the production of electron carriers. For the sake of comparison, we also analyzed the main competing 

technology: polymer electrolyte membrane electrolysis (PEMEL). While PEMEL is generally less suitable for 

electromicrobial production – as it uses highly acidic Nafion-ionomer and is associated with costly membrane-
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electrode-assembly, precious metal catalysts, and manufacturing of the bipolar plate52 – it can follow a varying 

input voltage more quickly, a marked advantage when using intermittent renewable electricity.  

To derive a general expression of the production cost, we express it per unit of charge (€·kAh-1), which directly 

relates to the number of electrons transferred to generate the desired product (1 kAh = 37.4 moles of 

electrons). The total cost of electrolysis is comprised of the investment and operation costs associated with the 

electrolyzer stack, which scales with the current density, and of the cost of electricity, which scales with the 

energetic efficiency. All assumptions, input parameters, and calculations are described in the Method section 

and in Supplementary Table 1. 

Figure 3A shows the electrolysis cost Ctotal obtained from our model as a function of energetic efficiency and 

current density. The monotonically increasing thick black line represents combinations of EE and i in which 

electricity cost and stack-related costs (investment and operational costs) are equal. The area above a line is 

dominated by electricity cost and area below a line is dominated by the stack cost. The dashed lines represent 

deviations from the base case scenario towards one or more boundary values, as explained in the Methods. 

The light blue light corresponds to the PEMEL technology (Methods). Figure 3B corresponds to boundary 

combinations where the ratio between the stack-related cost and the cost of electricity is the highest and 

lowest.   

It is clear from Figure 3 that regardless of the specific electrolysis product and exact input parameters, working 

at a low current density (≤10 mA·cm-2, typical for microbial attachment to an electrode) translates into 

substantial stack size that would be highly costly, even if the energetic efficiency is close to 100%. At this 

range, Ctotal is always dominated by the cost of the stack while increased efficiency has a negligible effect on 

the overall cost. On the other hand, working at a high current density of hundreds of mA·cm-2 (typical for 

electrochemical production of hydrogen, carbon monoxide, and formate) results in a lower Ctotal than the former 

case, even at low energetic efficiencies. This analysis thus suggests that the high current density achieved 

with the production of electron carriers translates into lower electrolysis costs than with microbial attachment to 

the cathode despite the high energetic efficiency associated with the latter. Our findings illustrates that 

decoupling the electrochemical and biological processes is advantageous also from an economic point of 

view. 

Direct and indirect electrochemical production of electron carriers 

Direct electrochemical production of electron carriers (Figure 1B) is currently viable for only three compounds 

– hydrogen, carbon monoxide, and formate. These can be produced electrochemically with energetic 

efficiency ≥ 40%, Faraday efficiency ≥ 80%, and current density ≥ 300 mA·cm-2.35,53,54 This is not surprising, as 

the production of these compounds involves the transfer of a single pair of electrons. In contrast, the direct 

electrochemical synthesis of other C1/C2 molecules, which depends on multiple electron transfer steps – such 

as methanol, methane, ethylene, acetate, and ethanol – is generally characterized by a low energetic 

efficiency, Faraday efficiency, and/or current density35,55.  

Catalytic hydrogenation provides an alternative to direct electrochemical production (Figure 1C). Specifically, 

electrochemically produced hydrogen can be reacted with CO2 in well-established catalytic processes to 

generate carbon monoxide (reverse water gas shift), methane (methanation), or methanol. These processes 
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are more mature than electrochemical production of carbon monoxide or formate and, despite requiring high 

temperature and pressure, can support high energetic efficiencies (Figure 4). For example, production of 

methane56,57 and methanol58,59 using this approach can already reach an overall energetic efficiency higher 

than 50%, surpassing even 70% using emerging technologies60–62. Despite the early stage, hydrogenation of 

CO2 to formate has gained considerable attention in recent years and may prove an effective approach63,64. 

Hydrogen, produced electrochemically, can also be used in the well-established Haber-Bosch process to 

produce the electron carrier ammonia; the overall energetic efficiency of this process, from electricity to 

product, is also above 50%65,66. 

The high efficiency by which many electron carriers can be produced from hydrogen may cast doubt on the 

usefulness of direct electrochemical production of these compounds. However, hydrogenation processes 

require very large facilities and high investment. The electrochemical process, on the other hand, is more 

flexible and requires fewer catalytic steps. Importantly, the electrochemical process can also be ramped up 

and down, while catalytic hydrogenation is very challenging to operate under dynamic reaction conditions67 

which would be imposed by the intermittent nature of renewable electricity sources. Hence, when possible, a 

direct, flexible electrochemical route is likely to be preferable over a multi-step, large-volume, and non-dynamic 

hydrogenation-dependent production process.  

Physicochemical considerations regarding different electron carriers    

The physicochemical properties of the electron carriers further affect their suitability to support electromicrobial 

production. Unlike methanol and formate that are completely miscible, the low solubility of H2 and CO – 

Henry's constants of 7.8 x 10-4 M·atm-1 and 9.7 x 10-4 M·atm-1, as compared to 3.4 x 10-2 M·atm-1 for CO2
68 – 

limits their mass transfer to the microbial culture, which is known to constrain productivity and require costly 

apparatus23. While methane is more soluble (Henry's constants of 1.4 x 10-3 M·atm-1), its mass transfer still 

limits bio-consumption. The explosiveness of hydrogen and methane and the toxicity of carbon monoxide 

further require dedicated safety measures that increase costs. Moreover, as the retention time of gases within 

a liquid medium is short, they need to be continuously recycled, which costs energy and requires dedicated 

machinery. 

A related constraint is the low solubility of O2, which is required for aerobic bioproduction. It is well known that 

oxygen transfer rate can limit aerobic processes, requiring specialized bioreactor designs69,70. Yet, as the 

Henry's constant of O2 (1.3 x 10-3 M·atm-1) is higher than that of H2 and CO, its solubility is less restricting than 

that of the reduced gases. Aeration also does not require considerable safety measures and does not need 

costly gas recycling. On the other hand, consumption of oxygen during aerobic processes generates a lot of 

heat and requires cooling systems to avoid deleterious increase of the temperature within the bioreactor69. 

Despite having several concrete advantages, the use of soluble electron carriers creates problems that are 

less common with the gaseous carriers. One of these relates to that fact that the soluble carriers are usually 

added to the culture in a diluted rather than pure form. While the purification of methanol and formate from 

water – an energetically expensive process71 – is not required, the concentration of these electron carriers in 

the feedstock solution should be high enough as to avoid substantial dilution of the culture that would limit titer 

and productivity. Moreover, transfer of electrolytes from the electrolyzer into the microbial feedstock could 
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inhibit cellular growth16,34, and might require costly recycling of the salts. To minimize this problem, electrolytes 

should be limited to benign salts and their concentrations should be minimized as much as possible, without 

severely reducing the conductivity necessary for the operation of the electrolyzer.  

Formate presents another challenge. This compound can be produced either under neutral or alkaline 

conditions, giving rise to a formate salt (e.g., HCOOK), or under acidic conditions (pH < 3.5), where formic acid 

(pKa = 3.75) is the main product. Bio-consumption of formic acid is preferred as it is a proton neutral process, 

while the consumption of formate ions generates OH- which requires the addition of an acid (e.g., HCl) to 

balance the pH, thus leading to the deleterious accumulation of salt (e.g., KCl). While the vast majority of 

studies have used neutral to alkaline conditions for electrochemical generation of formate, recently, the 

efficient production of a pure formic acid solution (without electrolytes) was demonstrated72, thus potentially 

supporting a proton-balanced bio-consumption of this C1 carrier. 

Another problem associated with methanol and formate is cellular toxicity. The toxicity of methanol relates 

mostly to its oxidation to the reactive intermediate formaldehyde73 (hence, acetogenic consumption of 

methanol, which bypasses formaldehyde generation74, is advantageous). Formate toxicity is attributed to 

inhibition of respiratory cytochromes75 and to dissipation of the proton motive force by the diffusion of the 

protonated acid across the cell membrane76. Working with formic acid, rather than formate, can further 

decrease the pH and inhibit growth. Due to these issues, the concentration of methanol and formate must 

remain relatively low – few % (v/v) for methanol77,78 and few grams per liter for formate79,80 – making batch 

bioproduction impractical. Fed-batch cultivation is also challenging, as the addition of diluted feedstock would 

increase the culture volume quickly. This leaves continuous cultivation as the preferred option, where a 

constant inflow of concentrated methanol/formate/formic acid is balanced with outflow of culture medium, 

keeping a constant, low concentration of the electron carrier within the bioreactor.    

Discussion 

The comprehensive analysis performed in this study leads to several conclusions, mainly with regards to 

strategies that are less likely to be viable. First, attachment of microbes to an electrode is severely limited by 

low current densities, which is expected to substantially increase costs, making the economic feasibility of this 

approach problematic. Also, as the energetic efficiency associated with the aerobic oxidation of inorganic 

electron carriers is very low, the use of these mediator molecules is unlikely to provide a practical strategy. 

Moreover, the use of C2 feedstocks seems challenging due to either low efficiency of biological conversion 

(oxalate) or low efficiency of electrochemical/catalytic production (acetate and ethanol). 

This leaves the use of C1 compounds, including H2/CO2, as the most promising approach for electromicrobial 

production. Yet, there is no clear champion when it comes to the exact identity of the C1 electron carrier or the 

bioproduction conditions. As summarized in Figure 5, each choice comes with its own advantages and 

disadvantages. Aerobic conditions, while restricted in energetic efficiency and limited by the solubility of O2, 

can support the bioproduction of a wide array of compounds, including chemicals whose biosynthesis 

consumes, rather than produces, ATP. Under these conditions, only growth on formate via the serine cycle or 

growth on methanol via the RuMP cycle seems to support reasonably high energetic efficiency. Yet, the 

toxicity of these electron carriers might require specialized process design. 
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Anaerobic production can support unrivalled energetic efficiencies but has a limited product spectrum. 

Hydrogen and carbon monoxide are by far the most commonly used feedstocks for acetogenic growth, but 

their low solubility constrains mass transfer and the safety measures they require increase costs. While CO 

generally supports a lower yield than H2, its higher energy content enables the efficient production of otherwise 

difficult to synthesize reduced compounds – for example, ethanol81. Cultivation of acetogens on formate or 

methanol – potentially supporting an even higher energetic efficiency – provides a thus far unexplored 

alternative strategy that can alleviate mass transfer limitations.  

An interesting option is the use of multiple electron carriers in parallel, which could boost the energetic 

efficiency and widen the product spectrum. A recent study demonstrated the strength of this approach by 

electrochemically producing syngas – a combination of H2 and CO – at almost 100% Faraday efficiency and a 

current density of 300 mA·cm-2. The syngas was subsequently fed to a co-culture of two Clostridia strains 

(including an acetogen), leading to a conversion of electricity into butanol and hexane at a very high overall 

energetic efficiency of 78%.11 

Some electromicrobial production systems are not yet available, but could offer considerable advantages if 

established. For example, engineering microorganisms for growth on C1-compounds via novel assimilation 

routes – e.g., the synthetic reductive glycine pathway which was designed to be the most efficient route for 

aerobic formate assimilation82,83 – could enable model biotechnological organisms, such as E. coli, to support 

highly efficient electromicrobial production84. Alternatively, novel electrochemical strategies might enable direct 

CO2 reduction to acetate or ethanol at sufficiently high energetic efficiency, Faraday efficiency, and current 

density, thus paving the way for a C2-dependent electromicrobial production. Establishing efficient electro-

recycling of phosphate into the low reduction-potential phosphite would provide another interesting 

electromicrobial production setup, as anaerobic growth of acetogens on phosphite is highly efficient85.  

Finally, either the abiotic process or the biotic process could be split into two parts, the combination of which 

allows for high performance that is difficult to obtain without such division. We discussed above how a two-

step catalytic process can efficiently produce compounds whose direct electrochemical synthesis is inefficient, 

e.g., methanol. From a biological perspective, acetogenic growth on H2/CO/formate under anaerobic 

conditions can be coupled with subsequent aerobic microbial growth on acetate, for the production of a wide 

scope of chemicals, as demonstrated by several studies86–88. As many biotechnological model microbes can 

natively grow on acetate, coupling acetate bioproduction with its bio-consumption could prove to be a useful 

electromicrobial production approach. The energetic efficiency of such a multi-step process could be quite 

high: 70% for electrochemical production of H2, 75% for acetogenic consumption of hydrogen (Figure 2), and 

50% for acetotrophic bioproduction (Figure 2), translates to an overall ~26% energetic efficiency from 

electricity to a product. The downside of splitting a process into two segments is the need for more reactors 

and intermediate steps (e.g., separation) which might increase production cost.   

The challenges limiting the expansion of renewable energy and sustainable production of chemicals require an 

immediate response. We hope that the analysis we provide in this study will serve as a roadmap for 

sustainable and economically feasible realization of electromicrobial production.  
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Figure Legends 

Figure 1 

A schematic representation of the three main types of electromicrobial production. (A) Direct 

attachment of the microbes to the cathode, which is usually referred to as microbial electrosynthesis. Electrons 

are either transferred directly to the microbes or are used to generate a compound (e.g., CO) that is consumed 

in situ. (B) Direct electrochemical production: electron carrier (e.g., CO) is produced at the cathode and then 

transferred and introduced to free floating microbes, either in the same reactor or a separate one. (C) Catalytic 

hydrogenation (indirect electrochemical production): hydrogen is generated at the cathode and then reacted, in 

a separate catalytic process, with CO2 to generate an electron carrier (e.g., CO) which is subsequently fed to a 

microbial reactor.  

Figure 2 

Microbial growth parameters associated with different feedstocks and assimilation pathways. 

Rectangles represent the 25-75% percentile values and the crosses correspond to the standard errors (σ/√n) 

around the mean values, as calculated using experimentally measured values for mesophilic microorganisms 

(see Supplementary Data 1 for complete set of values for all microorganisms, which also includes information 

on thermophilic growth; our data suggest that the parameters of mesophilic and thermophilic growth are in the 

same range, the only exceptions being methanogenic growth on hydrogen and aerobic growth on thiosulfate). 

Data for methanogens are available in Supplementary Data 1, and are generally comparable to those for 

acetogens. Energetic efficiency was calculated as the fraction of the combustion energy of the substrate that is 

retained in the product (for acetogens) or biomass (for aerobic microbes). Rate of electron consumption was 

either derived from the consumption rate of the feedstock (if reported) or calculated from the growth yield and 

growth rates. Detailed explanation of the calculations is provided in the Methods and the calculations are 

presented in Supplementary Data 1. 

Figure 3 

Approximated costs of electro-production of electron carriers as a function of energetic efficiency and 

current density. (A) Contour lines correspond to the base case assuming an electricity price Celectricity of 

0.05 €∙kWh-1, standard cell voltage Uo of 1.23 V (corresponding to electrochemical production of H2), 

electrolyzer stack investment cost of 580 €∙kW-1, and Faraday Efficiency of 90%. The monotonically increasing 

black line represents combinations of energetic efficiency and current density in which the cost of the 

electrolyzer stack and the cost of electricity are equal. Accordingly, the area above the line is dominated by 

electricity cost and area below the line is dominated by the stack cost. Dashed lines represent combinations of 

energetic efficiency and current density for which stack cost and electricity cost are equal for different 

boundary scenarios; in which Uo was taken as either 1 V or 1.5 V (corresponding to the range of Uo of all 

relevant C1 and C2 molecules with anodic oxygen evolution), Celectricity was taken as either €0.03 kWh-1 or 

€0.07 kWh-1, and the stack investment cost was taken as either €800 kW-1 or €370 kW-1 (boundary values of 

the projected cost range given in50, see Methods). The light blue line corresponds to the PEMEL technology 

(Methods). Brown and purple areas correspond to the characteristic ranges of electromicrobial production via 
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a mediating electron carrier or via direct electron transfer from the cathode to attached microbes. (B) Total cost 

at the boundary combinations, where the ratio between the stack-related cost and the cost of electricity is the 

highest and lowest, respectively: (i) Uo = 1 V, Celec = €0.03 kWh-1, stack = €800 kW-1; and (ii) Uo= 1.5 V, Celec = 

€0.07 kWh-1, stack = €370 kW-1. 

Figure 4 

A two-step catalytic process can replace direct electrochemical production. Various compounds can be 

obtained from the reaction of CO2 with electrochemically produced hydrogen. Numbers in blue boxes relate to 

the energetic efficiencies sustained by more mature technologies, while numbers in green boxes corresponds 

to efficiencies supported by emerging, less mature technologies. The initial step in these processes is 

hydrogen production via electrolysis, which already reaches an energetic efficiency of 70-80%54. Emerging 

high-temperature water electrolysis technologies can support efficiencies even higher than 85%54,89–91. Power-

to-gas technologies enable the production of methane from electricity with an overall energetic efficiency of 

~55%57,58. Heat integration or coupling with high-temperature electrolysis can further increase this efficiency to 

well above 70%60–62. Similarly, production of methanol from electricity can already reach an energetic 

efficiency higher than 50%58,59. Due to the early stage of the technology, no information on energetic efficiency 

of hydrogenation of CO2 to produce formate is currently available. The overall energetic efficiency of ammonia 

production from electricity is also above 50%65,66; emerging technologies for direct electrochemical reduction of 

N2 to ammonia which might be able to support efficiencies higher than 70%65,66. 

Figure 5 

Summarized comparison between different C1 electron carriers. Shades of green and red represent how 

much the advantages and disadvantages hold true for the specific electron carriers. FE corresponds to 

Faraday efficiency, EE to energetic efficiency, CD to current density in mA/cm2, KH to Henry’s constant, and 

NA to non-applicable.  
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Methods 

Calculation of microbial energetic efficiency and electron consumption rate   

Energetic efficiency was calculated as the percentage of the combustion energy of the substrate that is 

retained in either the product (for anaerobic growth) or in the biomass (for aerobic growth). Anaerobic growth 

(with CO2 as an electron acceptor) is inherently coupled to the biosynthesis of a specific compound (e.g., 

acetate) while biomass formation is relatively low. Hence, in this case, we consider the energetic efficiency of 

converting feedstock into product, as calculated from experimentally measured product yields and the known 

combustion energies of feedstocks and products. That is: 

Eq. 1      𝐸𝑎𝑛𝑎𝑒𝑟 =  𝑌𝑝𝑟𝑜𝑑 ×
∆𝐺𝑐𝑜𝑚𝑏

𝑝𝑟𝑜𝑑

∆𝐺𝑐𝑜𝑚𝑏
𝑠𝑢𝑏⁄  

where 𝐸𝑎𝑛𝑎𝑒𝑟 is the efficiency of anaerobic conversion, 𝑌𝑝𝑟𝑜𝑑 is the measured product yield (mole product per 

mole substrate), ∆𝐺𝑐𝑜𝑚𝑏
𝑝𝑟𝑜𝑑

 is the combustion energy of the product (kJ·mol-1) and ∆𝐺𝑐𝑜𝑚𝑏
𝑠𝑢𝑏  is the combustion 

energy of the substrate (kJ·mol-1). 

For aerobic growth, in which byproducts are mostly absent, we report the energetic efficiency of converting 

feedstock into biomass, as calculated from experimentally measured biomass yield and using the combustion 

energy of microbial biomass92. That is: 

Eq.2     𝐸𝑎𝑒𝑟 =  𝑌𝑏𝑖𝑜𝑚𝑎𝑠𝑠 ×
∆𝐺𝑐𝑜𝑚𝑏

𝑏𝑖𝑜𝑚𝑎𝑠𝑠

∆𝐺𝑐𝑜𝑚𝑏
𝑠𝑢𝑏⁄   

where 𝐸𝑎𝑒𝑟 is the efficiency of anaerobic conversion, 𝑌𝑏𝑖𝑜𝑚𝑎𝑠𝑠 is the measured biomass yield (gram dry cell 

weight per mole substrate), ∆𝐺𝑐𝑜𝑚𝑏
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 is the combustion energy of the product (20 kJ per gram dry cell 

weight92) and ∆𝐺𝑐𝑜𝑚𝑏
𝑠𝑢𝑏  is the combustion energy of the substrate (kJ·mol-1). While microbial biomass is rarely a 

desirable product by itself (with few exceptions93), we use biomass yield instead of product yield as information 

on the latter is scarce and the two yields are expected to correlate.    

As a complementary factor, we normalized the feedstock consumption rate to represent the rate of electron 

consumption, enabling us to compare the productivity limit associated with feedstocks of different redox state. 

Thus, 𝑉𝑒 = 𝑉𝑓 × 𝑛𝑒
𝑓
, where 𝑉𝑒 is the electron consumption rate (μmol per second per gram dry cell weight), 𝑉𝑓 is 

the experimentally measured feedstock consumption rate (same units), and 𝑛𝑒
𝑓
 is the amount of available 

electrons in the feedstock, e.g., two for formate and six for methanol. If 𝑉𝑓 was not reported, it was calculated 

from the measured growth yield and growth rates, such that 𝑉𝑒 =
𝜇

𝑌𝑝𝑟𝑜𝑑
⁄ × 𝑛𝑒

𝑓
, where μ is the growth rate (sec-

1) and 𝑌𝑝𝑟𝑜𝑑 is the product yield, as defined above. See Supplementary Data 1 for all calculations. 

Cost analysis for electrochemical production 

We developed a model for the cost of electrochemical production of H2, C1 and C2 compounds which includes 

investment and operating costs for an electrolyzer stack as well as the cost of electricity. This model was 

intended to reveal the interplay between key factors that shape the economic competitiveness of 
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electrosynthesis, and, particularly, to identify the relative effect of current density and energetic efficiency on 

the overall cost. The model should be regarded as an attempt to uncover qualitative and general trends 

inherent to electrosynthesis rather than to deliver a sophisticated techno-economic analysis of production cost. 

By developing such a general model, we naturally neglect factors that contribute to the overall process 

economics, e.g. use of different catalysts and electrode structures to obtain different products. Yet, the 

sensitivity analysis we perform – with regards to the standard voltage, electricity price, and the cost of the 

electrolyzer stack – shows that the trends we find are general enough and do not change fundamentally with 

the exact choice of input parameters. 

Only a few techno-economic models of electrochemical CO2 reduction (CO2RR) have been published35,51,94,95. 

As no commercially available CO2 electrolyzer (CO2EL) system exists, these models are based on the cost 

structure of and available information for water electrolysis. This is also the approach we followed. To predict 

the economics of CO2RR, we focused on state-of-the-art alkaline water electrolysis (AEL). This is because 

AEL uses a liquid electrolyte which can be adjusted in composition to facilitate microbial growth, supporting 

both attachment of microbes to the cathode and the electrochemical production of electron carriers. 

Furthermore, CO2RR has mostly been demonstrated in neutral to alkaline conditions thus supressing 

hydrogen evolution (HER, reduction of the aqueous electrolyte, the main side reaction in CO2RR) which is 

favoured at low pH. This makes the Membrane-Electrode-Assembly (MEA) approach, used in polymer-

electrolyte membrane electrolysis (PEMEL) with the acidic Nafion-ionomer, less suitable for CO2 reduction and 

for coupling of electrochemistry with microbial growth96. Yet, as PEMEL has the advantage of quickly 

responding to the fluctuating availability of renewable electricity, thus allowing a highly flexible operation, we 

decided to model it as well. A sketch of both setups is shown in Supplementary Figure 1. 

Relevant reactions for hydrogen evolution and CO2RR, producing C1 and C2 compounds, are shown below 

for alkaline conditions (except for formic acid given in acidic conditions and HER in both) together with the 

standard cell voltage, U0
cell, as determined by thermodynamics, assuming oxygen evolution at the anode97. 

CO2 + H2O + 2 e- ⇌ HCOO- + OH-  U0 =  1.12 V 
 
CO2 + 2 H+ + 2 e- ⇌ HCOOH   U0 =  1.48 V 
 
CO2 + H2O + 2 e- ⇌ CO + 2 OH-   U0 =  1.34 V 
 
CO2 + 5 H2O + 6 e- ⇌ CH3OH + 6 OH-  U0 =  1.22 V 
 
CO2 + 6 H2O + 8 e- ⇌ CH4 + 8 OH-  U0 =  1.06 V 
 
CO2 + 9 H2O + 12 e- ⇌ C2H5OH + 12 OH- U0 =  1.15 V 
 
2 H2O + 2 e- ⇌ H2 + 2 OH-   U0 =  1.23 V 
 

2 H+ + 2 e- ⇌ H2    U0 =  1.23 V 

The main difference between AEL and CO2EL is the electrode architecture of the cathode side and the supply 

of reactant. A cost breakdown of the different contributions to the total stack cost assumes a cathode share of 

around 25% in alkaline water electrolysis49, in which nickel-based electrodes are commonly employed. To 

account for the more costly manufacturing of the gas diffusion electrode (used in CO2EL to circumvent limited 
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CO2 solubility and to facilitate the use of high current densities43,46,98), the additional gas feed, and other unique 

properties of the stack, a sensitivity analysis on the stack cost was performed, as explained below. 

Supplementary Table 1 shows the values we used for the base case scenario for AEL, the boundary cases 

for AEL, and for PEMEL. Below, we explain each of these. 

Stack investment cost 

The investment cost is based on literature data of projected cost for water electrolysis systems in 2030. We 

used the data from the Fuel Cells and Hydrogen Joint Undertaking (FCH JU) which estimated the cost, in 

2030, to range between €370 kW-1 and €800 kW-1 for AEL50. These values were used for the boundary 

scenarios, where the average value of €580 kW-1 was taken for the base case scenario. The investment cost 

for PEMEL was taken as €780 kW-1.50  

The investment cost comprises the entire uninstalled electrolyzer system, including the stack, power supply 

and electronics, and the periphery of the facility. The latter part, termed balance of plant (BOP), involves feed 

preparation, gas conditioning, thermal management, pumps and compression, and measurement and control 

technologies. We decided to focus only on the cost of the stack – which accounts for 50% and 60% of the 

investment cost in AEL and PEMEL, respectively50 – as it is the only component that is directly equivalent 

between water to CO2 electrolysis regardless of the exact configuration. Other components might change 

according to the specific application and the subsequent processing (e.g., H2 storage vs. production of liquid 

products or subsequent microbial upgrading). Accordingly, the periphery cost for CO2RR and their scaling with 

electrolyzer size (especially electrode area) is largely unknown.  

Conversion from cost per nominal power to cost per electrode area 

To express the investment cost associated with the stack as a function of the current density, the stack 

nominal power needs to be converted into an electrode area. That is, the cost that is usually given in €∙kW-1 

needs to be translated in €∙m-2. As reasonable approximation, the stack cost scales linearly with electrode 

size, as economy of scale is not pronounced for electrolyzer stacks42. To normalize for electrode area, the 

relationship between the nominal power P of a typical state-of-the-art water electrolyzer and the electrode area 

A is required. While the nominal power is given for commercial electrolyzer systems by the manufacturer, the 

electrode area can be estimated from the operating current density i and the total product yield �̇�𝐻2  (in mol∙h-1, 

equivalent to �̇�𝐻2,/ 𝑣𝑚𝑜𝑙, with �̇�𝐻2, being the H2 production rate in Nm³∙h-1 and 𝑣𝑚𝑜𝑙 the molar volume) that 

relate to each other by Faraday’s Law according to: 

Eq. 3      �̇�𝐻2  =  
𝐼

𝑧 ∙𝐹
𝐹𝐸 =  

𝑖∙𝐴

𝑧 ∙𝐹
𝐹𝐸   

with z being the number of transferred electrons per turnover, F the Faraday constant and FE the Faraday 

efficiency (share of charge going into the desired product, ~1 for water electrolysis). Rearranging eq. 3, the 

estimated electrode area can be calculated by: 

Eq. 4      𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 =  
�̇�𝐻2,𝑜𝑢𝑡 ∙𝑧 ∙𝐹

𝑣𝑚𝑜𝑙 ∙𝑖
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A similar calculation relating area and power was done by Jouney et al.35, but only for one exemplary alkaline 

electrolyzer. To account for the different operating conditions and stack properties of different technologies 

and manufacturers, and to put our input parameters on a solid basis, our data is based on the comprehensive 

market survey of Buttler and Spliethoff from 201742. Using the reported hydrogen production rates, the 

corresponding nominal power, and a typical current density of 300-400 mA∙cm-2 for AEL and 1-2 A∙cm-2 for 

PEMEL, we obtained an average factor of 7 kW∙m-2 (5-8 kW∙m-2) between power and estimated electrode area 

for the reported 15 commercial alkaline electrolyzer systems and 32 kW∙m-2 for the 8 PEMEL systems. 

Including an installation factor of 10% (a typical value for electrolysis42, but which could easily be higher given 

the high complexity of the presented technology), an average investment cost of ~€2,300 m-2 for AEL can be 

obtained. This value is very close to the one obtained by Li et al.95 for alkaline CO2EL (€1221-4884 m-2, base 

case of €2442 m-2), supporting the validity of our assumptions and approach. With the same approach, 

PEMEL stack cost amounts to ~€16,000 m-2 which is significantly higher due to the expensive materials used 

(catalyst, membrane, bipolar plates). 

In the next step, the cost per area is converted into cost per charge (€∙kAh-1) by dividing by the current density 

and by FE, the latter accounting for charge that goes into side products. Applying Faraday’s Law which 

correlates charge to the amount of product, this could further be translated into the cost per product yield, if 

desired. 

To distribute the cost over the run time of the electrolyzer, a simple financial model was implemented, 

assuming fixed payment at equal intervals. Using an interest rate r of 5% on the capital investment and a loan 

term of 20 years51, the annual cost can be calculated as fixed-rate mortgage99 according to: 

Eq. 5      𝐶𝑦𝑒𝑎𝑟 = 𝐶0  
(1+𝑟)𝑦𝑒𝑎𝑟𝑠 ∙𝑟

(1+𝑟)𝑦𝑒𝑎𝑟𝑠−1
 

We assume an average annual run time of 5000 hours/year at nominal capacity as to account for the limited 

availability of cheap renewable electricity and to enable process flexibility according to the volatile electricity 

market54. 

Non-electricity related operating cost 

The operating cost can be divided into an electricity-dependent part and a maintenance part. The latter is 

required to keep the electrolyzer running and is commonly given as percentage on the initial investment cost 

and includes replacement of electrode and electrocatalyst, as well as electrolyte replenishment and general 

maintenance of the system. This cost ranges between 2 and 5% of the initial (uninstalled) investment cost per 

year, depending on the size of the electrolyzer, with smaller systems having higher maintenance cost50. As 

CO2 electrolysis is not as mature as water electrolysis and long-term stability of electrode materials has yet to 

be demonstrated, we chose a value of 5%. (Even a higher value might be well justified, in view of the high 

complexity of the technology. This would result in higher stack-related cost and further strengthen our 

argument.) The cost or credit associated with the use of CO2 and water are not included as these are difficult 

to estimate. We emphasize again that we did not perform a thorough simulation on material and energy fluxes 

as this would go beyond the scope of this contribution and would not comply with our approach to derive a 

general model for cost analysis. 
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Electricity cost 

For the electricity cost we use a value of €0.05 kWh-1, following reported wholesale electricity prices in 2018100. 

For the sensitivity analysis we used boundary cases of €0.03 kWh-1 and €0.07 kWh-1. To obtain the electricity 

cost normalized on the charge, i.e., €∙kAh-1, the price per kWh was divided by the operating cell voltage (as 

energy = voltage ∙ charge) and by FE to account for the charge that went into the production of side products. 

The energetic efficiency (EE) is defined as: 

Eq. 6      𝐸𝐸 =  
𝑈0

𝑈𝑐𝑒𝑙𝑙
𝐹𝐸 

where the actual cell voltage Ucell is a function of EE and the standard cell voltage U0 of the overall reaction – 

cathode plus anode - the latter represents oxygen evolution. As a base case, water electrolysis was chosen 

with U0 = 1.23 V (E0 = 0 V for hydrogen evolution). To cover the standard voltages for all relevant C1 and C2 

products from above, we used 1 V to 1.5 V as boundary cases. 

Total cost 

Finally, the total cost, in in €∙kAh-1, is given by: 

Eq. 7     𝐶𝑡𝑜𝑡𝑎𝑙 =  
𝐶𝑠𝑡𝑎𝑐𝑘+𝐶𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑖∙𝐹𝐸
+  𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 ∙

𝑈0

𝐸𝐸
 

where Cstack is the depreciated investment cost associated with the electrolyzer stack (in units of €·m-2∙h-1, see 

below), Coperation is the operating cost excluding electricity (normalized on electrode area, €·m-2∙h-1), Celectricity is 

the cost of electricity (€·kWh-1) and the other parameters are as mentioned. 

Sensitivity analysis 

To avoid the model being biased by the choice of input parameters, we performed a sensitivity analysis in 

which the investment cost, standard cell voltage (characteristic for the targeted product) and electricity price 

were varied according to the boundary values mentioned above. Specifically, for the investment cost we used 

€370 kW-1 and €800 kW-1 as boundary values according to the range projected for 2030 (see above), for the 

cell voltage we used 1 V to 1.5 V which accounts for production of all targeted C1 and C2 products, and for 

electricity cost we used €0.03 kWh-1 and €0.07 kWh-1, which represent a deviation of 40% of the base value. 

Accordingly, at the extreme are scenarios in which the ratio between stack-related cost and electricity cost is 

the highest (scenario 1: €800 kW-1 investment cost, 1 V standard cell voltage, €0.03 kWh-1 electricity cost) and 

a scenario in which this ration is the lowest (scenario 2:  €370 kW-1, 1.5 V, €0.07 kWh-1). In scenario 1, the 

influence of current density is most pronounced over energetic efficiency, while in scenario 2 it is the reverse.  

As a final note, we would like to emphasize that the maintenance cost and installation factor were chosen 

conservatively – in the sense that they reduce the overall contribution of the current density – and could easily 

be higher than assumed, further increasing investment cost and, thus, the influence of current density. 
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Making quantitative sense of electromicrobial production 

Supplementary Figure 1 

 

Scheme of considered electrolysis technologies. Alkaline water (I) and CO2 (II) electrolysis, the latter with gas-diffusion 

electrode and liquid buffer layer on the cathode side. Polymer-electrolyte membrane (PEM) water electrolysis with 

proton-exchange membrane (III) and PEM CO2 electrolysis with anion-exchange membrane (IV, left) and proton-

exchange membrane (IV, right) 
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Making quantitative sense of electromicrobial production 

Supplementary Table 1 

Summary of assumptions and references that went into analysis model. 

 unit Sc.1 base Sc.2 PEMEL References 

Investment cost (system, 2030) €/kW 800 585 370 760 
1
 

Conversion factor P/A kW/m² 7 7 7 32 calc. from 
2
 

Stack share on investment cost % 50 50 50 60 
1
 

Installation factor - 1.1 1.1 1.1 1.1  

Installed stack cost per area €/m² ~3,100 ~2,300 ~1,400 ~16,000 calc. 

Maintenance % 5 5 5 5 
1
 

Financial model       

Run time per year h/year 5000 5000 5000 5000 
3
 

Interest rate % 5 5 5 5 
4
 

Loan term years 20 20 20 20 
4
 

Stack cost incl. financial model €/m²h 0.050 0.037 0.023 0.257 calc. 

Electrochemistry     base  

Standard cell voltage V 1.00 1.23 1.50 585 base: H2 gen. 

Faradaic efficiency % 90 90 90 7  

Electricity     50  

Electricity price €/kWh 0.03 0.05 0.07 1.1 
5
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