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Abstract 11 

For mobility, especially in aviation, cargo weight and volume of the energy-vector are substantially more 12 

limited than in any other form of transportation. Therefore, energy vectors with high mass and volume 13 

specific energy density are needed, for which carbon-based liquid fuels are unmatched. Concurrently, there 14 

is an imperative of deriving these fuels from non-fossil sources. Here, we show the scale-up of the 15 

production of aviation drop-in fuel-like mixtures (mainly n-decane) that are obtained by Kolbe electrolysis 16 

of medium chain carboxylic acids (n-hexanoic acid), which can be derived from biomass. We increased the 17 

scale to 1 L volume and 100 cm2 electrode surface area within a single stack electrolysis cell allowing 18 

straightforward numbering-up. The obtained electrolysis performance is unprecedented at technical scale 19 

with a maximum n-decane production rate of 0.73 g L-1 h-1 cm-2, a selectivity for n-decane between 76.3 % 20 

and 97.8 % and Coulombic efficiencies up to 68 %. 21 

 22 
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 25 

1. Introduction: 26 



Transportation of goods and mobility of people are the main consumers of fossil carbon like oil or gas and 27 

among the prime emitters of greenhouse gases, especially CO2. The transport sector is accountable for 28 

16.2% of total CO2 emissions, where road transport including cars, lorries, motorcycles and buses 29 

contributes with a share of 11.9%, and aviation - emissions from domestic and international passenger 30 

travel and freight shipping - contribute with 1.9%, followed by boat shipping which contributes with a 1.7% 31 

share [1]. Thus, humankind is seeking globally for renewable sources of energy for mobility and 32 

transportation at land, air and sea. Using electric energy as energy vector and its storage in batteries is the 33 

most popular approach for (individual) mobility at land, with electric cars increasing the market share of new 34 

car sales above 25% in Europe, US and China. Further, current EU legislation aiming to phasing out internal 35 

combustion engines in cars and small commercial delivery vehicles as soon as 2035 [2, 3]. Yet, using 36 

electric batteries for heavy transportation of goods is questionable. With battery energy requirements per 37 

truck reaching as high as 1 MWh (and as consequence, circa 4 Tons of battery per truck), the fast-charging 38 

power needs for a long hauling transport fleet would require circa 10% of the EU´s total electric power 39 

generation capacity [4]. As world-wide implementation of battery powered mobility will suffer from the 40 

availability and mining of scarce resources like Co, Mn, Ni, Li, we cannot foresee a full battery-based 41 

mobility infrastructure [5]. Awareness that batteries will not be the unique answer has recently led to a 42 

world-wide upswing for promoting hydrogen (H2) as universal energy vector. H2 possess undebatable 43 

advantages, most importantly of only emitting H2O when being “burned” in an internal combustion engine 44 

or in fuel cells [6]. Yet, generating H2 at large scale, for instance using electrolysis or photochemistry and 45 

photobiology, is far from being state of the art [7]. Additionally, it does also require precious resources like 46 

noble-metals for electrolysers or land for (biological) solar panels. The logistic of H2 are also complex, as it 47 

is the smallest molecule in existence (as well as the lightest gas), requiring very high-tech (and costly) 48 

materials for its containers and extreme temperatures/pressures for its liquefaction and storage. 49 

Further to the challenges and limitations that come with the technologies for their generation and storage 50 

of electric energy, batteries, hydrogen as well as other non-carbon based energy sources and vectors share 51 

one common limitation, their low mass related energy density. The mass related as well as volume related 52 

energy density of carbon based liquid fuels is unmatched [8]. The energy vector that is the “fuel” represents 53 

carry-on luggage and thus its weight limits the vehicle’s reach and the volume determines volumetric ratio 54 



of “fuel-tank-volume” and “effective volume” that can be used for transportation. This creates a need for 55 

energy vectors with high mass and volume specific energy density. This is especially the case for aviation 56 

fuels [9, 10]. This clear rationale for the high relevance of carbon-based aviation fuels creates the need for 57 

deriving these from non-fossil sources. For instance, and by descending order of technology readiness 58 

level (TRL), the following types of fuels incl. drop-in fuels and additives are approved for usage in 59 

international aviation: synthetic paraffinic kerosene, hydroprocessed esters and fatty acids, alcohol-to-jet 60 

synthetic paraffinic kerosene, hydroprocessed fermented sugar synthesized iso-paraffins, Fischer-Tropsch 61 

synthetic paraffinic kerosene, pyrolysis oils and others [9, 11, 12].   62 

Recently, we have shown that complex waste biomass can be converted to fuel-like mixtures using a 63 

combined microbial and electrochemical conversion process. This forms the foundation of the 64 

electrobiorefinery, concept displayed in Fig. 1. Providing proof-of-principle at 50 mL laboratory scale [13] 65 

Urban et al. showed successfully the conversion of corn beer to a hydrocarbon mixture used as potential 66 

diesel additive at 0.48 gCOD gCOD
-1 [hydrocarbon/corn beer, displayed in equivalents of chemical oxygen 67 

demand (COD)] with a two-stage process. Here, mainly the composition of the intermediate medium chain 68 

carboxylic acids (MCCA) that are produced by the biological stage influenced the outcome of the 69 

electrochemical conversion. Furthermore, Urban et al. proposed that the full potential of the presented 70 

process can only be exploited if the individual process steps are subjected to engineering and scale-up. 71 



Figure 1: Scheme of an electrobiorefinery for conversion of waste biomass into bio-based fuel. Blue arrows 72 

indicate the process line of the waste biomass and the green arrows indicate the final electrochemical 73 

products that can be used as fuel. 1: renewable energy from e.g. solar or wind power used to power the 74 

electrochemical conversion, 2: urban waste biomass e.g. food waste, 3: agricultural and forestry waste e.g. 75 

peels, leaves or acid whey, 4: intermediate product (medium chain carboxylic acids - MCCA) from 76 

bioconversion (fermentation) as substrate for the electrochemical conversion, 5: final product of the 77 

electrochemical conversion (alkane mixture with fuel properties) used as bio-based fuel 6: H2 produced at 78 

the cathode used for H2 mobility. 79 

 80 

For this two-stage process the biological conversion of biomass to MCCA is deeply researched and already 81 

developed towards technological scale. A variety of complex substrates such as corn beer [13], acid whey 82 

[14, 15] or other organic waste streams [16-18] can be converted to MCCA by anaerobic open-culture 83 

fermentation. Thereby, important process parameters for efficient MCCA production are the inhibition of 84 

competitive carbon-consuming pathways, prevention of substrate and product inhibition, pH and hydraulic 85 



retention time (HRT) [16, 19-21]. Production rates of 9 g L-1 d-1 [18, 22] up to 52 g L-1 d-1 [20, 23] (maximum 86 

rates in n-C6 equivalents when assuming caproic acid as the only MCCA that is consuming 8 moles of O2 87 

per mole of acid for complete combustion) can be achieved for different MCCA, depending on the process 88 

management. This well-known biotechnological process is already performed at semi-pilot scale [24]. In 89 

contrast, there are mainly fundamental studies on the electrolysis which point to the importance of electrode 90 

material, reactant concentration and current density. The most recent studies of Kolbe electrolysis 91 

performed in a scale and conditions related to this study (36 cm2 anode surface area, 1 L holding vessel), 92 

dates back more than 3 decades [25, 26]. Using a custom made, non-separated (no membrane) 93 

electrochemical cell and a platinum electrode little to no focus was put on the energetic optimization of the 94 

electrochemical reactions, but more on extended reaction yields form different MCCA mixtures. Thus, only 95 

a yield or degree of conversion was reported without commenting on 𝐶𝐸 or the energetic efficiency, yet this 96 

is almost of no value for any process characterization. Only in the recent years, since electrochemical 97 

synthesis has gained more interest in the context of a circular bioeconomy, the influence of various process 98 

parameters and architecture of electrochemical reactors has regained attention, also for improving 99 

energetic and process efficiency. These include, for instance, channel length[27], reactor design[28] and 100 

HRT[29] of electrochemical flow cells as well as the substrate composition[30], for the technical integration 101 

of the Kolbe electrolysis into existing biorefinery concepts. The Kolbe electrolysis enables the 102 

electrochemical upgrading of MCCA to a mixture of hydrocarbons, primarily alkanes, as shown in Fig. 2 103 

using the example of n-hexanoic acid (C6) that was also used in this study. This hydrocarbon mixture has 104 

fuel properties as previously shown in laboratory scale experiments by Urban et al. [13]. However, for a 105 

smooth integration of the Kolbe electrolysis into existing well-studied biological process lines its scaling-up 106 

is required. Here we demonstrate process feasibility in a commercially available single stack electrolysis 107 

cell, making future application of the Kolbe electrolysis possible as no further transfer from a tailor-made 108 

electrochemical device cell to a commercially available one that can be numbered up is necessary. 109 

Additionally, an economically viable anode material on the example of C6 that is most extensively studied 110 

at laboratory scale was used [31, 32]. We provide complete data sets on the energetic efficiencies, yields 111 

and production rates for process characterization.  112 



 113 

Figure 2: Reaction scheme showing the different possible reaction pathways of electrochemical 114 

decarboxylation of C6 via Kolbe electrolysis [31].  115 

 116 

2. Experimental 117 

2.1. General Remarks 118 

All chemicals were of at least analytical grade and are listed in the Supplementary material (SI section 2.1). 119 

All solutions were prepared with de-ionized water (Milli-Q IQ 7000, Merck KgaA, Darmstadt, Germany). A 120 

list of all used symbols and abbreviations can also be found in the SI (Tab. S1). 121 

 122 

2.2. Single stack electrolysis cell 123 

A single stack electrolysis cell, i.e. a two-chamber electrochemical flow cell (Electro MP Cell, ElectroCell 124 

Europe A/S, Tarm, Denmark, see Fig. S1), was used for scaling and process engineering of the Kolbe 125 

electrolysis on the example of converting n-hexanoic acid (C6, see Fig. 2). The measured volume of anode 126 

as well as cathode chamber was 100 mL each, created by an 8 mm polypropylene spacer, equipped with 127 

a turbulence promoter mesh. Both electrodes were platinized titanium (Electro MP Cell, ElectroCell Europe 128 

A/S, Tarm, Denmark) and the liquid contact surface area of each electrode was 100 cm2.  129 

The implemented electrode surface area to volume ratio (100 cm2 for 1 L solution) and high recirculation 130 

flow rate of 1 L min-1 with a recirculation time of 1 min for the total anode volume resembles batch conditions. 131 

This means that concentrations of substrates and products can be considered homogeneous in the 132 



aqueous phase, whereas the organic phase (fuel) quickly phase-separates and accumulates inside the 133 

holding vessel (see Fig. S2). Thus, reactant and product concentrations inside the single stack electrolysis 134 

cell decreased. Even with vigorous stirring of the liquid in the holding vessel (500 rpm with a 2 L bioreactor 135 

Rushton turbine, not shown), complete homogeneity of aqueous and organic phase could not be achieved, 136 

thus not allowing for time point sampling. Thus, all electrolysis were run to specific endpoints without 137 

intermediate sampling. 138 

All electrolysis were carried out galvanostatically using a DC power source (Model # PS9080-170, EA 139 

Elektro-Automatik GmbH & Co. KG, Viersen, Germany) with a two-electrode setup. The cell potential 140 

between WE and CE (𝐸𝑐𝑒𝑙𝑙) was measured using the DC power source. All electrolysis were started at room 141 

temperature. After each electrolysis both cell chambers were cleaned with warm (60 °C) tap water, followed 142 

by extensive rinsing with distilled water. Between electrolysis the reactor was flushed with distilled water at 143 

a low flow rate (100 mL min-1). 144 

 145 

2.3. Kolbe electrolysis 146 

For Kolbe electrolysis 2 L of 0.5202 ± 0.0014 M n-hexanoic acid solution with 35 g L-1 Na2SO4 were 147 

prepared as anolyte. The pH of the anolyte was between 7.2 and 7.6 and the conductivity was 45 ± 148 

3 mS cm-1. The solution was then split in two times 1 L and used for independent electrolysis. The catholyte 149 

was MilliQ water, NaOH pellets and 35 g L-1 Na2SO4 to reach a similar pH and conductivity as the anolyte. 150 

4 L of catholyte were reutilized for a maximum of three consecutive electrolysis. The electrolysis were 151 

carried out at different rates of conversion, i.e. current densities (150, 300, 450 mA cm -2), and ran for 152 

different lengths of time until different degrees of conversion, i.e. Faraday equivalents (FE), were reached 153 

(0.25, 0.5, 1.0, 1.5). FE reflect the amount of charge required to convert a defined portion of the substrate 154 

assuming 100 % Coulombic efficiency as well as 100% selectivity of the corresponding reaction. For 155 

example, in the case of 0.5 FE the amount of charge that is necessary to convert 50 % of the substrate – 156 

here the n-hexanoic acid - passed through the system. n-CA mixture solutions were prepared as described 157 

above for n-hexanoic acid solutions, using 10.48 g L-1 C4, 37.42 g L-1 C6 and 6 g L-1 C8 resulting in an overall 158 

0.48 M MCCA mixture with a molar ratio of (C4 : C6 : C8: 1 : 2.67 : 0.34). Here, the n-CA mixture composition 159 

is based on the MCCA solution gained by Xu et al. from a two-stage microbial conversion of acid whey [14]. 160 



 161 

2.4. Quantification and analysis of liquid electrolysis products 162 

After the Kolbe electrolysis the anolyte was kept closed at room temperature until further sample processing 163 

(between 1 - 3 days). A 50% H2SO4 solution was added to adjust the pH to ~ 2 to improve phase separation. 164 

For quantification of reaction products, the acidified anolyte was left for 2 h in a separating funnel. 165 

Thereafter, the organic phase was carefully separated, and diluted in n-hexane and in parallel in 166 

dichloromethane. Dilutions of 1:10, 1:100 and 1:1000 in both solvents were analysed. The dilution series 167 

of the organic phase were analysed via GC-MS (GC 7890A and MSD 5975C InertXL, Agilent, Santa Clara, 168 

USA). Quantification was carried out with external standards. Further details on the GC-MS method can be 169 

found in SI 2.4. 170 

 171 

2.5. Data processing and calculations 172 

2.5.1. Coulombic efficiencies 173 

The Coulombic efficiency for each component 𝑖, 𝐶𝐸𝑖, was derived from the charge 𝑄𝑖 in relation to the total 174 

charge (𝑄𝑡𝑜𝑡𝑎𝑙) introduced during electrolysis according to Eq. 1. 𝑄𝑖 was calculated from the consumed or 175 

produced amount of substance 𝑛𝑖 within the anolyte (the volume was assumed to be constant): 176 

 177 

𝐶𝐸𝑖 =  
𝑄𝑖

𝑄𝑡𝑜𝑡𝑎𝑙
∙ 100%      Eq. 1 178 

 179 

with 𝑄𝑖 = 𝑛𝑖 ∙ 𝑧𝑖 ∙ 𝐹 180 

 181 

where 𝑛𝑖 is the amount of each substance in mol, 𝑧𝑖 is the number of transferred electrons per molecule 182 

(see Tab. S2) and 𝐹 = 96.485 C mol−1 is the Faraday constant. 𝑄𝑡𝑜𝑡𝑎𝑙 can be derived from the integrated 183 

current (𝑖) that was set over time (Eq. 2): 184 

 185 

𝑄𝑡𝑜𝑡𝑎𝑙 = ∫ 𝑖(𝑡) 𝑑𝑡      Eq. 2 186 

 187 



Additionally the 𝐶𝐸𝑓𝑢𝑒𝑙 of the electrolysis was calculated according to Eq. 3 from the sum of 𝑄𝑖 of all 188 

measured products in the organic phase (excluding unconverted C6): 189 

 190 

𝐶𝐸𝑓𝑢𝑒𝑙 =  
∑ 𝑄𝑖,𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑄𝑡𝑜𝑡𝑎𝑙
∙ 100%     Eq. 3 191 

 192 

2.5.2. Yield, selectivity and rates of the electrolysis 193 

 194 

The n-decane yield, 𝑌𝑑𝑒𝑐𝑎𝑛𝑒, is given by Eq. 4. The gravimetrically determined molar amount of n-hexanoic 195 

acid before the electrolysis 𝑛ℎ𝑒𝑥𝑎𝑛𝑜𝑖𝑐 𝑎𝑐𝑖𝑑,𝑏𝑒𝑓𝑜𝑟𝑒 is used as the reference amount. 196 

 197 

𝑌𝑑𝑒𝑐𝑎𝑛𝑒 =  
2 ∙ 𝑛𝑑𝑒𝑐𝑎𝑛𝑒

𝑛ℎ𝑒𝑥𝑎𝑛𝑜𝑖𝑐 𝑎𝑐𝑖𝑑,𝑏𝑒𝑓𝑜𝑟𝑒
∙ 100%     Eq. 4 198 

 199 

In order to assess the selectivity, 𝑆𝑑𝑒𝑐𝑎𝑛𝑒 , of the electrolysis of n-hexanoic acid to n-decane, the molar 200 

amount of n-decane was related to the amount of all measured products. Since the gas phase was not 201 

analysed the selectivity for n-decane considers only the products found in the liquid organic phase. 202 

 203 

𝑆𝑑𝑒𝑐𝑎𝑛𝑒 =  
𝑛𝑑𝑒𝑐𝑎𝑛𝑒

∑ 𝑛𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
∙ 100%     Eq. 5 204 

 205 

For determining the consumption rate (𝑟𝑖) of n-hexanoic acid and the production rate of n-decane the 206 

consumed or produced mass of respective substance (∆𝑚𝑖) was divided by the reaction volume (𝑉 = 1 L) 207 

and the electrolysis time (𝑡) as well as the geometric electrode surface area (𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒). 208 

 209 

𝑟𝑖 =  
∆𝑚𝑖

𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒∙ 𝑉∙ 𝑡
      Eq. 6 210 

 211 

2.5.3. Statistical analysis 212 



All experiments were performed with at least three independent replicates (n ≥ 3) for each condition. In this 213 

regard independent replicates means that the electrolysis of the n-hexanoic acid solution and the post 214 

electrolysis sample preparation and measurement were performed fully independently for each single 215 

replicate. All values are given as the mean ± Student t confidence interval (CI, α = 0.05). 216 

 217 

  218 

3. Results and Discussion 219 

3.1. Conversion of n-hexanoic acid in a technical scale single stack electrolysis cell 220 

The results for the Kolbe electrolysis of n-hexanoic acid (C6) in the single stack electrolysis cell are 221 

displayed in Fig. 3 and 4 as well as Fig. S4 and Tab. S3. Fig. S4 shows an overview of the range of reaction 222 

products (the resulting mixtures we call fuel) from C6 electrolysis (orange and green bars). For all studied 223 

current densities (𝑗) the Coulombic efficiency for fuel production (𝐶𝐸𝑓𝑢𝑒𝑙) is kept high (there is no statistical 224 

significant difference between the averages) when increasing the degree of conversion from 0.25 up to 0.5 225 

FE. The CEfuel then starts decreasing from degree of conversion of 0.5 to 1.5 FE (Fig. 3A and Tab. S3). 226 

This was expected, as the single stack electrolysis cell was operated in batch recirculation mode, which is 227 

equivalent to batch operation mode[31]. For low degrees of conversion, when the concentration of the 228 

substrate C6 is high, the production rate of n-decane (𝑟𝑑𝑒𝑐𝑎𝑛𝑒), being the major Kolbe product from C6 229 

electrolysis, and 𝐶𝐸𝑓𝑢𝑒𝑙 remain high. For a higher degree of conversion, the C6 concentration becomes 230 

limiting resulting in a lower 𝑟𝑑𝑒𝑐𝑎𝑛𝑒 and 𝐶𝐸𝑓𝑢𝑒𝑙. This finding resembles first order and pseudo-first order 231 

reaction kinetics in batch reactors. As 𝑗 increases from 150 to 450 mA cm-2 (at concomitantly increases in 232 

the cell voltage (𝐸𝑐𝑒𝑙𝑙), see Tab. S4) also the 𝐶𝐸𝑓𝑢𝑒𝑙 and the 𝑟𝑑𝑒𝑐𝑎𝑛𝑒 at 0.5 FE increase from an average 233 

𝐶𝐸𝑓𝑢𝑒𝑙 = 44.5 ± 2.8 % at 150 mA cm-2 up to 𝐶𝐸𝑓𝑢𝑒𝑙 = 68.4 ± 29.6 % at 450 mA cm-2 (Fig. 3A and Tab. S3). 234 

Although being counter intuitive, this increase is related to the reaction mechanism of the charged C6 235 

molecules at the anodic surface forming an increased hydrophobic layer that is expelling water and hence 236 

making the OER less likely, as further explained in [31].These efficiencies are well in line with or even higher 237 

than those of other studies performing the (non-)Kolbe electrolysis using electrochemical flow reactors. 238 

Kurig et al. reported a 𝐶𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡  of below 25 % for semi-batch conditions and 54 % for continuous mode 239 



using monomethyl succinic acid as substrate[28]. Green et al. only achieved a 𝐶𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡 ≈ 10 % in a 240 

microfluidic electrolysis cell performing the Kolbe electrolysis of monomethyl succinate to dimethyl 241 

adipate[27]. Only Ziogas et al. achieved higher 𝐶𝐸 (likely based on substrate consumption) and selectivities 242 

(𝑆) of more than 70 % and 90 % respectively[30]. However, they used a microfluidic electrochemical flow 243 

cell having only an active reactor volume of 0.138 cm3 and an active electrode surface area of 6.912 cm2 244 

being not of technical relevance for production of bulk products like fuels. Comparing the results in the 245 

single stack electrolysis cell presented here with results from batch experiments from our previous 246 

publication 𝐶𝐸𝑓𝑢𝑒𝑙 of 58.9 ± 16.4 % for the Kolbe electrolysis of C6 at the optimum degree of conversion of 247 

0.5 FE was reported[32]. Additionally, a 𝐶𝐸𝑓𝑢𝑒𝑙 about 10 % higher can be achieved for a MCCA mixture with 248 

𝑟𝑓𝑢𝑒𝑙 = 0.009 ± 0.0006 mol cm-2 L-1 h-1 (equivalent to about 2.6 g L-1 h-1) [31], being up to 28-fold lower than 249 

𝑟𝑑𝑒𝑐𝑎𝑛𝑒 presented here (see Tab. S3). However, a more in-depth comparison with literature values is 250 

impossible, since reported values are usually only related to the conversion of the starting material 251 

(𝐶𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒, 𝑟𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) and not to the amount of product or only the 𝑌𝑝𝑟𝑜𝑑𝑢𝑐𝑡 is provided and the 𝐶𝐸 is 252 

disregarded. 253 

Notably, the statistic variability of the 𝐶𝐸𝑓𝑢𝑒𝑙 also increases with increasing current density (Tab. S3). The 254 

95 % confidence intervals for the higher 𝑗 (i.e. 300, 450 mA cm-2) remain high compared to the average 255 

values, and become much lower for 𝑗 = 150 mA cm-2. The 𝐶𝐸𝑓𝑢𝑒𝑙 at 150 mA cm-2 and 2 L min-1 recirculation 256 

for a conversion at 0.5 FE is higher (73.7 ± 3.1 %) than the 𝐶𝐸𝑓𝑢𝑒𝑙 at 150 mA cm-2 and 1 L min-1 (44.5 ± 2.8 257 

%). This is a good indicator that mass-transfer regarding the gas evolution (that is decreasing the anodic 258 

active surface area) may be the cause for this disparity (see Fig. S3). At 2 L min-1 the expected trend of 259 

decrease of CEfuel with the increase in current density is again visible, hinting this time for mass transport 260 

limitation of the substrate C6. 261 



In line with the trends discussed for 𝐶𝐸𝑓𝑢𝑒𝑙 are the trends for 𝑟𝑑𝑒𝑐𝑎𝑛𝑒 that is the main product of the Kolbe 262 

electrolysis from C6 (Fig. 3B and Tab. S3). As the degree of conversion increased from 0.25 up to 0.5 FE 263 

also 𝑟𝑑𝑒𝑐𝑎𝑛𝑒 increases, and decreases from 0.5 to 1.5 FE for all studied 𝑗. The highest 𝑟𝑑𝑒𝑐𝑎𝑛𝑒 for all 𝑗 was 264 

achieved at 0.5 FE, with a maximum at 450 mA cm-2 yielding 0.732 ± 0.342 g L-1 h-1 cm-2 of n-decane. 265 

Similarly, as for the 𝐶𝐸𝑓𝑢𝑒𝑙 the 𝑟𝑑𝑒𝑐𝑎𝑛𝑒 suffers from increased statistical variability with increasing 𝑗 (see Tab. 266 

S3). 267 

Figure 3: (A) Coulombic efficiency for fuel production, 𝐶𝐸𝑓𝑢𝑒𝑙 (%), and (B) n-decane production rate, 𝑟𝑑𝑒𝑐𝑎𝑛𝑒 268 

(g L-1 h-1 cm-2), from conversion of 0.52 M n-hexanoic acid (C6) via Kolbe electrolysis while varying the 269 

degree of conversion from 0.25 to 1.5 FE and  𝑗 from 150 to 450 mA cm-2 using the single stack electrolysis 270 

cell. Red areas resemble a high 𝐶𝐸𝑓𝑢𝑒𝑙/𝑟𝑑𝑒𝑐𝑎𝑛𝑒 while blue and purple resemble low 𝐶𝐸𝑓𝑢𝑒𝑙/𝑟𝑑𝑒𝑐𝑎𝑛𝑒. The data 271 

used for plotting this graphic is shown in Tab. S3. 272 

 273 

Fig. 4 shows the selectivity for n-decane, 𝑆𝑑𝑒𝑐𝑎𝑛𝑒, relative to all liquid electrolysis products at different 𝑗 and 274 

degrees of conversion. Overall, 𝑆𝑑𝑒𝑐𝑎𝑛𝑒 is between 76 % and 97 % regardless of the applied conditions and 275 

thus very high for all studied 𝑗. This is a good indicator for the high electrolysis reliability and noteworthy, 276 

the statistical variability for 𝑆𝑑𝑒𝑐𝑎𝑛𝑒  (Tab. S3) is not as high as for the 𝐶𝐸𝑓𝑢𝑒𝑙 and 𝑟𝑑𝑒𝑐𝑎𝑛𝑒 with increasing 𝑗. 277 
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Figure 4: Selectivity for n-decane, 𝑆𝑑𝑒𝑐𝑎𝑛𝑒 (%), obtained via the Kolbe electrolysis of 0.52 M n-hexanoic 278 

acid (C6) at different FE varied from 0.25 to 1.5 and different 𝑗 varied from 150 to 450 mA cm-2 using the 279 

single stack electrolysis cell. Dark red areas resemble a high 𝑆𝑑𝑒𝑐𝑎𝑛𝑒 while light red and white resemble low 280 

𝑆𝑑𝑒𝑐𝑎𝑛𝑒. The data used for the graphic is shown in Tab. S3. 281 

 282 

In order to bring this optimized system one step closer to using MCCA mixtures derived from biological 283 

processes, the Kolbe electrolysis of an artificial mixture of n-carboxylic acids (n-CA) resembling one of the 284 

best performing MCCA production by Xu et al. from a two-stage microbial conversion of acid whey, so far 285 

[14]. Namely C4, C6 and C8, at molar ratios of 1:2.67:0.34 respectively (0.48 M total acid concentration) was 286 

performed in the 100 cm2 single stack cell. For performing the Kolbe electrolysis of the mixture the same 287 

optimized conditions previously found for 0.5 M C6 solutions were applied: 150 mA cm-2, 2 L min-1 anodic 288 

recirculation rate and 0.5 FE of electric charge applied. The results are shown in Fig. S4. As it can be 289 

expected, the product spectra of the liquid fuel shows a greater variety when using the artificial n-CA mixture 290 

compared to the product spectra of the C6 solutions [31]. This product variety is based on the formation of 291 

different sized radical molecules and the possibility of a more diverse recombination of these, leading to 292 

hetero-dimers derived from the different n-CA present, as well as homo-dimers. Eleven additional products 293 



were detected for the n-CA mixture derived fuel: 5 esters, 2 alcohols and 4 alkanes. Among the detected 294 

products of electrolysis of the n-CA mixture only three exhibited a 𝐶𝐸𝑖 higher than 5%: n-decane with 295 

𝐶𝐸𝑖 = 42 % (homo-dimer of C6), n-dodecane with 𝐶𝐸𝑖 = 10 % (hetero-dimer of C6 and C8) and n-octane 296 

(hetero-dimer of C4 and C6) with 𝐶𝐸𝑖 = 6 %. The overall 𝐶𝐸𝑓𝑢𝑒𝑙 was slightly lower for the electrolysis of the 297 

mixture compared to the electrolysis of C6 (67.5 % vs 73.7%, respectively). This might have been influenced 298 

by the observed foaming with the n-CA mixture, likely leading to slower mass transfer and thus lower 299 

substrate availability as well as decrease of active electrode surface area[33]. This may be overcome by 300 

optimizing electrode surface properties as well as improved reactor pumping/flow architecture [33, 34]. 301 

 302 

The liquid organic product from the electrolysis of 0.52 M C6 solutions was analyzed for its fuel related 303 

properties and compared to gasoline and diesel as well as aviation fuel for turbine-engine jets (Tab. 1) [13]. 304 

It is important to underline that this analysis was performed with samples of the produced organic phase 305 

obtained and separated directly from the electrolysis mixture without the acidification step for enhancing 306 

the phase separation and without any down-stream processing (DSP) (incl. no drying etc.).  307 

 308 

Table 1: Comparison between the properties of the fuel-like organic phase resulting from the Kolbe 309 

electrolysis of 0.52 M n-hexanoic acid (C6) at 450 mA cm-2 and 0.5 FE in a single stack electrolysis cell and 310 

gasoline, diesel as well as kerosene. 311 

Parameter Gasoline[13] Diesel[13] Aviation fuel 

(turbine-

engine)[35] 

Kolbe fuel 

Density (g mL-1) 0.720 - 0.775 

(15°C) 

0.820 - 0.845 

(15°C)  

0.751 - 0.845 

(15°C/15.5°C) 

(≈ 0.745 - 0.805, 

40°C) 

0.8089 

(40°C) 

Kinematic viscosity at 40°C 

(mm2 s-1) 

0.5 - 0.6 2.0 - 4.5 0.74 - 1.3 1.43 



Water content (g kg-1) n.d. 0.2 n.d. 0.64 

Higher heating value (MJ kg-1) 46.5 - 46.7 45.6 42.6 - 43.8 38.4 

Sulfur content (g kg-1) max. 0.01 max 0.01 max. 0.4 (w%) <0.1 

Oxygen content (% w/w) max 2.7 n.d. n.d. n.d. 

Carbon content (% w/w) n.d. 86.2 - 86.6 n.d. 70.2 

Hydrogen content (% w/w) n.d. 13.1 - 13.5  13.5 - 14.4 13.0 

n.d. refers to values that are not determined respectively not specified 

 

Note: The samples of fuel for this analysis were not obtained by acidification of the electrolyzed samples. 

Instead, after electrolysis the organic phase was simply separated from the aqueous phase by 

decantation using a separation funnel. 

 312 

The properties (i.e. density, viscosity, hydrogen content) of the obtained Kolbe fuel are more similar to 313 

diesel than gasoline. The actual composition (majorly n-decane) as well as the overall properties of the 314 

Kolbe fuel are most similar to aviation fuel for jet engines (kerosenes). Thus, most of the parameters show 315 

that the Kolbe fuel may be adequate for the utilization as drop-in biofuel in internal combustion engines, 316 

especially jet turbine engines. The higher heating value is lower than the values for gasoline and diesel 317 

(46.5 - 46.7 and 45.6 MJ kg-1 respectively vs. 38.4 MJ kg-1) but relatively close to the value for aviation fuel 318 

(42.6 - 43.8 MJ kg-1 respectively). The difference of ~5 MJ kg-1 can be assigned to the higher water content 319 

in the here harvested Kolbe fuel compared to the petro-based fuels, as no pre-treatment beyond a careful 320 

phase separation with a decantation funnel and no DSP was done. This remaining water can easily be 321 

removed by established procedures at technical scale. Additionally, the Kolbe fuel, although majorly 322 

consisting of n-decane, also contains alcohols and esters in small relative amounts (see Tab. S2 and Fig. 323 

S4 in the SI) that may contribute to an overall lower higher heating value [36].  324 

 325 

3.2. Power and energy considerations 326 

In Tab. S4 and S5 energy calculations for the electrolysis of C6 are shown using the here described single 327 

stack electrolysis cell at different conditions, i.e. 𝑗 (150, 300 and 450 mA cm-2) and recirculation flow rates 328 



(1 and 2 L min-1) for the optimum degree of conversion (0.5 FE). At this scale, 100 cm2 anode surface area 329 

and 1 L anolyte volume, the Kolbe electrolysis achieves optimal energetic efficiencies, 𝜂, when conducted 330 

either at higher power and a low flow rate (450 mA cm-2, 1 L min-1) or at lower power and higher flow rate 331 

(150 mA cm-2, 2 L min-1) (see SI section 3.4.). Both cases require a similar specific energy consumption, 332 

𝐸𝑑𝑒𝑐𝑎𝑛𝑒, of 18.7 and 17.9 Wh g-1 for obtaining the major electrolysis product n-decane. This allows the 333 

selection between different batch times, here 0.4 h for 150 mA cm-2 or 0.13 h for 450 mA cm-2, without the 334 

need to compromise on 𝐸𝑑𝑒𝑐𝑎𝑛𝑒 . Ziogas et al. reported a lower specific energy consumption for tailor-made 335 

jet fuel and diesel of 1.745 and 1.5 Wh g-1, respectively using the Kolbe electrolysis of an artificial MCCA 336 

mixture[30]. However, the values can by far not be compared, as Ziogas et al. worked on the microscale 337 

(reactor volume of < 0.2 cm3) and only took 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠 into account, being in their case 3- to 5-times lower 338 

compared to this study because of the use of a single-chamber system without membrane. We show that 339 

𝑃𝑝𝑢𝑚𝑝𝑖𝑛𝑔 certainly needs to be considered at technical scale, as it does have a share of up to 50 % of 𝑃𝑡𝑜𝑡𝑎𝑙 340 

(see Tab. S4).  341 

Thus, the energetic efficiency, 𝜂, of the Kolbe electrolysis of C6 looks already very promising at the 342 

presented scale, also including 𝑃𝑝𝑢𝑚𝑝𝑖𝑛𝑔. Here, 𝜂 around 27 % is estimated, considering n-decane as 343 

product and C6 as substrate. If the input of energy contained in the substrate C6 is disregarded, as it can 344 

be assumed for C6 originating from a green bioprocess of waste water or biomass, the overall energetic 345 

efficiency is as high as 70%, being comparable to state of the art H2 electrolyzers [37]. This opens up highly 346 

interesting possibilities for future process engineering and operation, for instance using Kolbe electrolysis 347 

only in case of the availability of “excess” grid electric energy. Furthermore, the here presented single stack 348 

electrolysis cell can be easily scaled and numbered-up to allow interfacing to technical scale biological 349 

MCCA production (see SI section 3.5.). For instance, when electrolyzing MCCA gained at technical scale 350 

as described by Xu et al. from acid whey being considered a waste stream in dairy industry [14], a fuel 351 

production of nearly 1 t per day can be estimated (SI 3.5.).  352 

 353 

 354 

4. Conclusions 355 



Using a single stack electrolysis cell for the Kolbe electrolysis of C6 enabled the successful scale-up from 356 

a 2 cm2 batch operation to 100 cm2 recirculating batch operation resulting in a 𝐶𝐸𝑓𝑢𝑒𝑙 of nearly 70 % and 357 

𝑟𝑑𝑒𝑐𝑎𝑛𝑒 ≈ 73 g L-1 h-1 at 450 mA cm-2 and 1 L min-1 flow rate (Tab. S3). This set of data is unprecedented in 358 

literature (see Tab. S7). Additionally, optimal combinations of 𝑗 and flow rate were revealed allowing a 359 

variation of electrolysis time without losses in performance. Thereby, higher 𝑗 result in increased fuel 360 

production rates at lower recirculation flow rates, especially for lower degrees of conversion. Compared to 361 

the previously performed batch experiments[32] the scale-up showed no performance losses. This will allow 362 

numbering-up at process relevant scale and conditions as well as interfacing to biological processes so that 363 

electrobiorefineries [13] come into reach. These electrobiorefineries can be integrated into existing 364 

production lines, but also allow decentralized operation. 365 

It is important to mention that other green approaches using biomass, like triglycerides, lignocellulose, sugar 366 

or starch, for bio-based jet fuel production, e.g. hydroprocessed esters and fatty acids (HEFA), hydrotreated 367 

depolymerised cellulosic jet (HDCJ) or alcohol-to-jet, exist. Even if these processes look promising reaching 368 

𝑌 and 𝑆 up to 90 % they have other disadvantages like high temperature and pressure during catalysis, the 369 

need to continuously feed H2 as additional substrate, resilient feedstocks or feedstocks that are edible crops 370 

[38]. Additionally, 𝜂 of these approaches does not exceed 1 % yet [39]. Other approaches don’t use biomass 371 

as substrate for the production of green fuel but instead CO2 and H2 which can be captured from the air 372 

and be produced via water electrolysis respectively. Therefore, catalysts like Fe-Mn-K or Y-type zeolites 373 

with cobalt nanoparticles are used to reach CO2 conversion efficiencies of 38.2 %, 𝑌𝐶5+
 of 22.3 % and 374 

𝑆𝑝𝑟𝑜𝑑𝑢𝑐𝑡 between 45 - 74 % [40]. Also thermochemical fuel production using sunlight and H2O and CO2 from 375 

air is possible but also only reaches 𝜂 below 1 % [41]. Thus, as it can be seen from the examples presented, 376 

the electrochemical production of drop-in fuel as well as fuel additive for aviation from MCCA is with 𝑆𝑑𝑒𝑐𝑎𝑛𝑒 377 

between 76 % and 97 % well in line with the 𝑆𝑝𝑟𝑜𝑑𝑢𝑐𝑡 of alternative approaches. It already shows a high 𝜂 378 

above 25 % and still offers possibilities for improvement e.g. continuous operation mode or the use of other 379 

MCCA mixtures, and is therefore one of the most promising approaches for decarbonisation of the mobility 380 

sector. 381 

 382 

 383 
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