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This document presents additional and more detailed aspects not covered but referred to within the main manuscript.
1. Aviation biofuel production technologies
1.1 Aqueous phase reforming (APR)
In the study of [1], an aqueous sucrose solution was hydrogenated over a Ru/C catalyst into a sorbitol/mannitol mixture. The obtained intermediate phase, including alcohols, ketones, acids, and cyclized compounds, was a precursor for condensation to longer-chain hydrocarbons. The aviation fuel was obtained from biomass-based sugars with a yield of 32 wt% (from sorbitol) with an aqueous-phase catalytic process in the presence of 10%Ni-supported HZSM-5/MCM-41. The catalytic process was conducted under the operating pressure of hydrogen of 40 bar, temperature 280 °C, weight (weight hourly space velocity; WHSV) 1.25 h-1, and gas (gas hourly space velocity; GHSV) hourly space velocity 2500 h-1. The resulting liquid products consisted of approximately 72 wt% aromatics and napthenes, tailored as blending components with other bio-based aviation fuels [2]. Additionally, the study of [3] investigated the composition of the hydrocarbon obtained from sorbitol (biomass-based) through the aqueous catalytic process using the Ni-HZSM-5/SBA-15 catalyst. The catalytic process was performed under 320 °C, WHSV 0.75 h-1, GHSV 2500 h-1, and 40 bar hydrogen pressure. The Ni-HZSM-5/SBA-15 catalyst exhibited high selectivity to cycloalkanes and aromatics with a maximum oil yield of 40 wt%.
Virent Inc., located in Madison, Wisconsin, U.S., developed Virent’s BioForming® platform to integrate APR with the conventional catalytic processes to convert water-soluble carbohydrates to renewable liquid fuels [4].
Aqueous solutions from hardwood tress containing hemicellulose were used to produce jet and diesel fuel range hydrocarbons by [5]. The 87% furfural yield was initially generated by using acid-catalyzed biphasic dehydration. The furfural in an aqueous phase was then extracted into a tetrahydrofuran (THF) phase prior to feeding into an aldol condensation leading to the formation of the furfural-acetone-furfural (F-Ac-F) dimer. The dimer generated was hydrogenated at 110-130 °C and 55 bar with a 5 wt% Ru/C catalyst. Hydrodeoxygenation was carried out over 4 wt% Pt/SiO2-Al2O3 catalyst at 260 °C, 62 bar, and liquid hourly velocity (LHSV) 1.1 h-1, to produce the range of alkanes suitable for jet fuel, containing mainly 91% C12 and C13. [6] used maize cob feedstock for catalytic conversion in an aqueous phase. Acid hydrolysis was first conducted as pretreatment, resulting in furfural production (71%). The furfural was hydrogenated to 2-methyl furan (2MF) as high as 89% yield over Raney Ni catalyst at the preheating temperature 150 °C, LHSV 1.0 h-1 under a hydrogen pressure of 3 bar. An intermediate, maximum yield of 95% was obtained for C15 through the hydroxyl-alkylation/alkylation condensation of 2MF and furfural by using sulfuric acid as catalyst, under 55 °C and atmospheric pressure, with 50 vol% water/ethanol. The highest liquid alkane yield (C8-C15) was 83%, with high selectivity of C14/C15 (90%) was reported in the hydrodeoxygenation of the C15 intermediate over 10 wt%Ni/ZrO2-SiO2 catalyst under 250 °C, LHSV 0.75 h-1, and 50 bar hydrogen pressure; the product was suitable for direct application as aviation fuel. The hemicellulose derived from the maize cob can produce 0.149 tons aviation fuel/ton maize cob with the mentioned processes. The study of an aqueous phase hydrodeoxygenation into the desired hydrocarbons range was reported by [7]. The lignin derived from maize stover was firstly extracted by using the dilute alkali. The liquid phase undergoes hydrodeoxygenation with the combination of Ru/Al2O3 and H+-Y acidic zeolite catalysts producing C12-C18 cyclic hydrocarbons for jet fuel. The operating condition was at 250 °C under 40 bar hydrogen pressure with a reaction time of 4 h. [8] researched the aviation biofuel production from Grindelia squarrosa (the curtly gumweed) by aqueous phase hydrodeoxygenation. A heterogeneous bi-functional catalyst was used in the conversion (1% Pd/W-ZrO2 catalyst) via the hydrodeoxygenation at the elevated temperature (> 200 °C) and an initial hydrogen pressure of 28 bar, with 1 hour reaction time. The resulting products can be used to synthesize high-density cyclic hydrocarbons containing C14-C16 used as additives in aviation biofuel. The oil phase products provided a high heating value (HHV) of 42.8 MJ kg-1. The APR technology has vested interest due to the achievements in bio-based aviation fuel productions with aromatic content [3,6]. 
[bookmark: _GoBack]SAK and SK (denoted herein as SC) were developed by Virent and were tested against ASTM specifications [9]. They have excellent freeze point (< -70 °C) and thermal stability relative to conventional aviation fuel in the laboratory and fit-for-purpose testing [1]. Virent SAK aviation fuel was tested in a demonstration flight as a fuel blending component, providing a reduction in particulate matter and GHG emissions. 
1.2 Direct sugar to hydrocarbon (DSHC)
Amyris Inc. is currently working with the U.S. National Advanced Biofuels Consortium to employ the complex lignocellulosic sugar streams, including cellulosic wastes and residues in the fermentation technology.
After the fermentation, a two-stage centrifugation technology is employed to recover farnesene from the fermentation broth, achieving 97% recovery efficiency in removing trace metals and high boiling point impurities [10].      
1.3 Sugar fermentation and alcohol upgrading (SuF)
Generally, the production of long-chain hydrocarbons (compatible with jet fuels) from alcohol intermediates requires four major steps: dehydration, oligomerization, distillation, and hydrogenation. After the fermentation, the alcohol is firstly dehydrated to form the unsaturated compounds known as olefins. The generated olefins are subsequently oligomerized to produce the longer-range hydrocarbon compounds and then hydrogenated, resulting in saturated compound structures as components of the aviation fuels. 
For bioethanol fermentation, numerous studies investigated microorganisms with strong tolerance to various stress conditions (e.g. acid condition, product inhibition, etc.) for enhancing the bio-alcohol yields. [11] revealed an acid-tolerant Zymomonas mobilis able to produce as high as 99.78 g ethanol L-1, using an initial glucose concentration of 200 g L-1, with a pH value around 4.0. Engineered Saccharomyces cerevisiae is capable of producing bioethanol at 50 g L-1, using 70 g L glucose-1 and 40 g L xylose-1 as substrates, within 72 h [12]. A recent study of [13] presented the bioethanol production derived from the co-culture of Escherichia coli and S. cerevisiae, using sugarcane bagasse slurry as substrate. They obtained an ethanol production of 48.6 g L-1, with a solids loading of 20% in less than 30 h. These aforementioned researches can be applied to produce bioethanol for further applications such as long-chain hydrocarbons to be appliedcompatible as blending components with the conventional kerosene.
Butanol, as four-carbon alcohol, has higher energy density and burning efficiency as ethanol, and is required for use in heavy-duty vehicles, ships, and aviation for longer distances [14]. For example, S. cerevisiae has also beenwas used for the production of isobutanol [15]. The ATJF-SPK is allowed to be used as a blending component up to 50% with traditional aviation fuel [16]. During the production process, the isobutanol is separated from the fermentation broth using low-pressure evaporation, concentration, and purification. The isobutanol is dehydrated into isobutylene as a C4 building block, which then undergoes oligomerization, resulting in the C8 and C12 olefins. The olefins are hydrogenated leading to C8 to C12 saturated alkanes serving as jet fuel blendstock. Additionally, the isooctane as another marketable product could be optionally produce through the isobutanol upgrading steps (as mentioned below). The fermentation route has high product selectivity with less toxic compounds generation. The fermentation operating conditions have been usually conducted at mild conditions.
Generally, the production of long-chain hydrocarbons (compatible with jet fuels) from alcohol intermediates requires four major steps: dehydration, oligomerization, distillation, and hydrogenation. After the fermentation, the alcohol is firstly dehydrated to form the unsaturated compounds known as olefins. The generated olefins are subsequently oligomerized to produce the longer-range hydrocarbon compounds and then hydrogenated, resulting in saturated compound structures as components of the aviation fuels. 
As mentioned about the butanol dehydration, a novel catalyst composed of Zn-Mn-Co modified γ-Al2O3 was reported to for dehydration of high n-butanol concentration (620 g L n-butanol-1) solutions, to form butenes [17]. The complete n-butanol conversion was observed under a reaction temperature of 375 °C, with 1.67 h-1 weight hourly space velocity (WHSV), achieving 90% total butane selectivity. Whereas theIt was observed that dibutyl-ether and some other hydrocarbons such as methane, ethylene, propylene occurred were formed at the lower and higher reaction temperatures, respectively. This modified catalyst also exhibited excellent activity, high stability with a longer span-lifetime (180 h) relative to the unmodified γ-Al2O3. The resulting olefins were subsequently oligomerized and water was removed.
According to [18], the butane oligomerization (~95% or greater) is achievable with a transition-metal catalyst in the presence of methylaluminoxane (MAO). The 2-ethyl-1-hexene as the specific dimer produced, can be converted into mono-unsaturated C16 compounds (using an acid catalyst). The generated products comply with the hydrocarbon-range for aviation fuels. The oligomerization of butane has also been investigated over nickel oxide supported on mesoporous aluminosilicate (NiO/MMZZSM-5) catalyst. A higher yield for C8-C16 olefins (~63%) was reported with 90% butane conversion in comparison to ZSM-5 and MMZZSM-5 catalysts [19].
In order to improve the production yield and the fuel quality, the C8 olefin fraction remaining after oligomerization could be removed or hydrogenated and subsequently dimerized, producing additional C16 hydrocarbons. Similarly, the larger oligomers (C20+) may be separated as a lubricant or cracked to form additional C10-C16 paraffin leading to desired hydrocarbons for aviation fuel [20]. The catalytic hydrogenation of produced olefins can be achieved with PtO2 as a catalyst, leading to 100% saturated hydrocarbon fuels, meeting the requirements of ASTM 445 [18].
Gevo Inc. (USA) developed a process using the isobutanol generated from the fermentation of biomass into isobutene and paraffinic kerosene [20], as further detailed in Table S2. Gevo demonstrated the isobutanol production using its proprietary yeasts and fermentable sugars (e.g. sugar cane, sugar beet), without other co-products and with a novel continuous separation technology avoiding microbial inhibitions (Table S2). According to Gevo Integrated Fermentation Technology (GIFT), isobutanol was continuously removed from the bioreactor during fermentation, to maintain the optimum concentration in the gaseous phase, followed by the condensation in of the isobutanol rich phase and by a purification phase. The product was used directly as gasoline blending stock and as a building block in the hydrocarbon productions observed infor gasoline, kerosene, and diesel fuels. The isobutanol could be dehydrated into isobutene which is used as raw material for many industrial products as aforementioned [20].
1.4 Biomass gasification
Many parameters have an influence on biomass gasification efficiencies such as biomass type, particle size, moisture content, gasification temperature, pressure, gasifying agent, etc., (e.g. higher CO2 with lower H2 and CO contents occur under high moisture conditions) [21]. During the pyrolysis process, dried biomass is decomposed at a temperature ranging between 200-700 °C, in the absence of oxygen. Low temperatures (< 500 °C) and long residence time is preferred for the production of solid char while the gaseous production occurs at higher temperature (700-1,100 °C) with short retention time in an O2-deficient condition. Condensable gases, tar, and char are obtained [22]. The obtained products are combusted to generate heat for drying, pyrolysis, and other endothermic reactions during the process. The combustion is performed at operating temperatures between 800-1400 °C, leading to the formation of carbon monoxide (CO) and carbon dioxide (CO2) with released heat. Reduction reactions occur including Bouduard coking (C + CO2 → 2CO ∆H° = +172 kJ mol-1), char reforming (C + H2O → CO + H2 ∆H° = +131 kJ mol-1), water-gas shift (CO2 + H2 → CO + H2O ∆H° = -39.2 kJ mol-1) and methanation (C + 2H2 → CH4 ∆H° = -75 kJ mol-1) [23,24]. High concentrations of H2 and CO are obtained at high temperatures with favorable char gasification and water gas shift reactions. 
As mentioned about syngas conditioning and cleanup for further FT synthesis, tars are the most problematic in biomass gasification. The tar formation depends on the biomass feedstock, operating conditions, gasifier type. The tar, as a complex mixture of condensable hydrocarbons, must be either removed or reformed to prevent problems in downstream processes such as fouling of equipment, clogging, or deposition on the surface. Tar compounds can be removed with several approaches including wet scrubbing, thermal cracking, hydrocracking, steam, or dry reforming. Tar is thermally cracked at elevated temperatures (> 1100 °C) without a catalyst. Solid acid catalysts such as silica-alumina, or zeolites can be used at operating temperatures above 200 °C [22,25]. The tar decomposition can also be done by catalytic cracking of mixed oxygenated compounds (e.g. heterocyclic aromatics, light aromatic, polycyclic aromatic hydrocarbons (PAH)) into light hydrocarbons, at temperatures increasing from 400 °C to 900 °C [26]. For Concerning nitrogen-containing contaminants, they are converted to ammonia (NH3), hydrogen cyanide (HCN), and nitrogen oxides (NO, NO2, N2O, and other NOx). The wet scrubbing is a conventional approach for cleanup of nitrogen-containing contaminants by e.g. precipitation as ammonia salt. Furthermore, the ammonia from hot stream syngas can be decomposed in the presence of catalysts such as Ni, Co, Ru, Fe [25,27]. The sulfur existent in the biomass feedstock is converted to hydrogen sulfide (H2S), carbonyl sulfide (COS), carbon disulfide (CS2). Sulfur removal is achieved with sorbents such as metal oxides (e.g. ZnO or CuO), resulting in the formation of a metal sulfide (as often referred to as the desulfurization process). [27]. Sulfur contaminants are also removed by the addition of CaCO3 into the gasifier [28]. Apart from the abovementioned contaminants, hydrogen halides could be removed via dehydro-halogenation with alkaline (Li, Na, K) and alkali earth (Mg, Ca, Sr, Ba), and metal oxides, at an operating temperature greater than 500 °C. Considering the mentioned reaction, trace metals such as sodium, potassium, etc. are conjointly removed as halide salts [27]. The excess of CO2 is removed either with compatible solvents like the aqueous solutions of alkanolamines. Additionally, [29] found that char could be a good candidate as a catalyst for the reduction of tar production and increasing the syngas yield.
1.5 Syngas fermentation and alcohol upgrading (SF)
During the catalytic thermochemical route denoted as mixed alcohol synthesis, the reaction performs at the operating temperatures above 300 °C and at 200 bar. The produced effluents are composed of oxygenated compounds (e.g. propanol, butanol), gaseous by-products (e.g. methane, CO2), and unconverted syngas. The effluent stream is then condensed for alcohol separation. The unreacted syngas could be either utilized as fuel or recycled to the mixed alcohol synthesis reactor. The mixed alcohols are transferred to the distillation system to separate the methanol and ethanol from the higher alcohols [29]. This existing technology provides the lower fuel yield per biomass with the higher carbon emissions in comparison with the biochemical syngas fermentation to alcohols.
The acetogenic microorganisms such as Clostridium propionicum, C. aceticum, Acetobacterium woodii, are capable of consuming CO and H2 to produce ethanol, 2,3-butanediol (2,3-BDO), poly-3-hydroxybutyrate (PHB) in the absence of oxygen, resulting in a minimization of microbial contamination in comparison with utilizing carbohydrate-based feedstock [30].
For bioethanol dehydration, the use of molecular sieve catalysts such as HZSM-5 zeolite, SAPO (Si-Al-phosphate) is required at lower reaction temperature (300-400°C). According to [31], NiAPSO-34 as Ni-substituted SAPO-34 molecular sieve is a suitable catalyst in the ethanol dehydration into ethylene. The ethanol conversion was 96.5% at the operating temperature of 375 °C. With the HZSM-5 catalyst, good performance at lower reaction temperature and higher ethylene yield were expected; the ethanol conversion was 97.3% at 325 °C. In addition to mentioned catalysts, the silicotungsticacid (STA) was active in ethanol dehydration producing ethylene and diethyl ether as an intermediate (2C2H5OH → C2H5OC2H5 + H2O ∆H° = -25.1 kJ mol-1) at temperatures higher than 200 °C [32]. Other properties balancing the choice of the catalyst materials are the stability in time and the anti-coking ability. Diethyl ether, acetaldehyde, propane, and butane are the main by-products in the ethanol dehydration process [33].
In the case of ethanol oligomerization, [34] stated that the maximum ethylene conversion has been reached at the reaction temperature of 150 °C and pressure 35 bars, using Ni-MSA30 (Ni-mesostructured silica-alumina material) as a catalyst; the obtained product contains mainly C4-C12 olefins. The above result corroborated the study of [35]. They reported that the Ni-MCM41 mesoporous material as catalyst provided high activity and stability over 170 hours of functioning, with 95% ethylene conversion efficiency. The major product obtained mainly consisted of C6-C10 olefins. Furthermore, the Ni-AlSBA-15 catalyst was used in ethylene oligomerization at temperature 150 °C and pressure 35 bar, considered as mild conditions, with high catalytic activity and selectivity. The major products were C4, C6, C8, and C10 olefins with a small amount of C12 olefins [36]. 
For the Gulf process, the olefins C4, C6 to C10, and C12 to C16 are fractionated for hydrogenation. Furthermore, the C4 fraction is subsequently processed by trans-alkylation for increasing the longer-chain olefin yields. The fractionation is performed to separate the hydrogen, further used for hydrogenation of the liquid product streams. The olefins produced are unstable and undesired in order to avoid gum formation in aviation fuels [33].
Considering the LanzaTech syngas fermentation process, the syngas stream generated is firstly cooled, cleaned, and injected into a fermentation vessel containing engineered microorganisms in the liquid media. Microorganisms utilize these gas streams (CO, CO2, H2) for their growth leading to the production of ethanol. The ethanol produced from fermentation is separated from the fermentation broth and upgraded to hydrocarbon fuels such as the substitute of gasoline, jet fuel, and diesel. 2,3-BDO is obtained as a co-product of the thermochemical catalytic process (developed by the U.S. Department of Energy’s Pacific Northwest National Laboratory PNNL). Other ethanol sources such as commercial ethanol were also employed as input in the aviation fuel production process. In this case, the ethanol is preliminarily dehydrated leading to the ethylene in the presence of aluminum oxide with 99.9% selectivity and high stability. Ethylene is converted to a mixture of C4-C6 olefins, which are then oligomerized to desired longer-chain olefins, avoiding polymerization. The developed oligomerization catalyst by PNNL was used with two regenerations during the functioning period (2,000 hours), under mild conditions (85 °C). The global process provides high conversion and selectivity [37]. 
1.6 The Fischer-Tropsch (FT) process
Syngas undergoes purification prior to the FT synthesis. The crude syngas is initially cleaned from acid gas including CO2, H2S, and sulfide (avoiding poisoning of the synthesis catalyst), and adjusted for the appropriate ratio of H2/CO which is considered as a crucial parameter in FT technology (a high H2/CO ratio is preferred). Low H2/CO ratios (< 2.0) reduce the reaction yield and favor the carbon deposition in the FT equipment. Additionally, methane and other small hydrocarbon molecules can become the main products if an excessive amount of hydrogen is present in the syngas [21]. The syngas derived from biomass typically contains a low proportion of hydrogen with the H2/CO ratio close to one or lower. The water-gas shift reaction is usually achieved by reaching a favorable H2/CO ratio (~2.0) for the FT process. The suitable H2/CO ratio for a large proportion of gasoline and diesel production is 2.0, with operating temperatures of 340 and 240 °C, respectively, under pressures of 25-50 bar, with a Co-based catalyst [28].
Ru (ruthenium) catalyst is the most effective in the production of paraffin under high pressures, as the most expensive option. Iron-based catalyst is appropriate for low hydrogen contents (H2/CO ratio < 1) as a more economical option, but provides lower CO-conversion than a cobalt-based catalyst. The water-gas shift reaction might therefore be favored to enhance the productivity using Fe-based catalyst. Cobalt-based catalyst with support materials such as SiO2, TiO2, Al2O3 provides a high conversion level, with an affordable price for the production of paraffin and wax from high hydrogen content (H2/CO ratio > 1) syngas. Fe-based catalyst is more resistant to sulfur and ammonia compounds compared to Co-based catalyst [28,38]. The reduction in the amounts of tar, methane, and light hydrocarbon compounds has been reported with alumina-supported nickel (Ni-γAl2O3) as an artificial catalyst [39]. Promoters such as manganese, alumina, or copper support the desirable reactions. Copper (Cu) is added to the iron-based catalyst for enabling reduction reactions. A small amount of gold can enhance the activity of the Co/TiO2 catalyst [38,40,41]. 
Other processes have been performed to increase the kerosene yield. For example, the C3-C4 olefin produced is converted by oligomerization into iso-paraffinic kerosene (IPK) consisting of highly branched aliphatic hydrocarbon (C8-C12), by using a solid phosphoric acid (SPA) catalyst in HTFT process [40]. Naphtha can be converted into paraffin through oligomerization and aromatic alkylation using an acid catalyst such as amorphous silica-alumina (ASA), H-form zeolite socony mobil-5 (H-ZSM-5) in the LTFT process. The linear hydrocarbons could further be isomerized to kerosene. The combined SPA alkylation and oligomerization in HTFT improve the production and the quality of the gasoline fraction. The LTFT process provides more straight-chained hydrocarbons in the kerosene with fewer aromatics, olefins, and oxygenated compounds relative to the HTFT process. The aforementioned conversion from syncrude FT reached the maximum aviation fuel production through the FT technology with an improvement of the carbon efficiency of the overall process [42]. 
1.7 Hydrotreated depolymerized cellulosic jet (HDCJ)
Fast pyrolysis is known to generate predominantly liquid products (bio-crude oil), and valuable chemicals in the absence of oxygen [43]. This process breaks organic materials into mostly liquid products that are rapidly cooled or quenched from the pyrolysis operating temperatures [44]. This approach can be applied in bio-oil productions from a wide variety of feedstocks like lignocellulosic biomass, energy crops, industrial wastes, and by-products. The bio-crude oil produced from pyrolysis generally has an oxygen content between 15-40%, contains hydrocarbons, water, and a small amount of ash [45].
For the bio-crude oil production by hydrothermal liquefaction (HTL), the operating temperature is the most significant parameter affecting the bio-crude yield and properties. This technology can be employed to produce bio-crude oil derived from several feedstocks including municipal wastes, agricultural residue, forest residue, microalgae, etc. [46]. Numerous reactions take place: hydrolysis, dehydration and decarboxylation, condensation, cyclization, and polymerization. Alkaline catalysts have been employed for yield improvement and bio-crude quality from lignocellulosic biomass  [9]. The HTL approach generates an aqueous phase containing organic compounds such as oxygenates, a solid residue (known as char), and a gaseous phase containing carbon monoxide, and carbon dioxide. This facilitates the separation of the bio-crude oil from the other product streams [43,45]. The solid residue yield decreases with increasing the residence time.
For the bio-crude oil upgrading process, [47] investigated solvent extraction by the addition of water and organic solvents (hexadecane and octane). The bio-crude oil neutralization (approximately pH 6) in the combined extraction provided good quality bio-oil with less oxygen content and increased heating value relative to the separation process by centrifugation. Furthermore, the 2-propanol was employed as the hydrogen donor solvent through the catalytic hydrogenation from waste cooking oil (WCO) [48]. The optimum yield of liquid hydrocarbon (72%) was obtained at 380 °C and pressure 2 bar with WHSV 6.7 h-1. The obtained liquid product consisted of alkanes, aromatics, and alkenes using 0.42 L 2-propanol L WCO-1 with 0.53 kg jet fuel kg WCO-1. Apart from the prevention of bio-oil degradation, biofuel properties can be improved through hydrogenation as described in the previous section (see the SuF pathway). This process facilitates bio-crude oil stability and low char production. Also, little coke formation avoids catalyst deactivation resulting in higher bio-crude oil yield. The bio-crude oil generated from pyrolysis of pine sawdust was performed by hydrotreatment over Ru/γ-Al2O3 as a catalyst at 30 bar hydrogen pressure [49]. The bio-crude oil quality was improved by decreasing the acidity, and a higher C/H content and heating value. 
Hydrodeoxygenation is another upgrading step consisting of the hydrogenation and oxygen-removal processes. The cobalt-molybdenum (CoMo) and nickel-molybdenum (NiMo) catalysts are commercially deployable in the hydrodeoxygenation process in petroleum refineries. This bio-crude oil is treated for oxygen removal via hydrodeoxygenation where the operating temperature (250 °C) and pressures (< 25 bar) are controlled in the presence of a catalyst [43]. The hydrodeoxygenation process was investigated [50], over Pt/HY catalyst, for lignin-derived bio-oil formation by fast pyrolysis. This process generated the maximum of cyclohexane and alkylated cyclohexane, appropriate as blending stock for the conventional transportation fuel. The combined Ni/ZrO2 catalyst in the supercritical cyclohexane was applied in the hydrotreating process in order to improve bio-oil obtained by HTL of maize stalks [51]. This catalyst exhibited high activity and selectivity for diesel- and aviation-range hydrocarbons. The authors demonstrated that high hydrocarbon yield (82%), composing 90% of diesel- and aviation fuel, is reached under mild conditions (300 °C, 50 bar H2). The polymerization of bio-oil was not observed in the supercritical cyclohexane providing a high-quality liquid biofuel. The hydrotreatment of bio-oil from the fast pyrolysis was also investigated in the presence of carbide catalysts (Mo2C and WC) [52]. Mo2C/γ-Al2O3 and Pt/ γ-Al2O3 catalysts showed good catalytic activity for the formation of the aliphatic and aromatic hydrocarbons (60%) at 500 °C under atmospheric pressure. The highest bio-oil yield (roughly up to 60%) was obtained over the Ru/C catalyst. The upgraded bio-oil had less acidity, less water, and increased heating value (about 40 MJ kg-1) compared to the original pyrolysis oil. The higher amount of aromatics and alkanes were reported to be used as precursors of the possible biofuels from pyrolysis oil [53]. In addition to the improvement of bio-crude oil by the olefins saturation and heteroatom removal processes, the heavier product fraction could be processed into lighter products through the cracking process. Catalytic cracking can be applied for decreasing the undesirable products (e.g. gases, coke) at the operating temperature of 350-400 °C. [54] studied the catalytic cracking of bio-oil derived from fast pyrolysis of the straw stalk, for aviation and diesel fuels. The bio-crude oil was initially cracked into C6-C8 low-carbon aromatics and C2-C4 light olefins in the presence of an HZSM-5 catalyst. These low hydrocarbons were transformed to meet the requirement of aviation fuel by low-temperature alkylation into C8-C15 aromatic hydrocarbons, using [bmim]Cl-2AlCl3 ionic liquid. The hydrogenation of C8-C15 olefins is then performed in order to produce C8-C15 alkanes in the presence of the Pd/AC catalyst. The developed transformation process has a potential for the production of cycloparaffinic and aromatic compounds as blending components in the aviation fuel range, overcoming the lack of or low aromatic contents. The product streams could be further refined to various fractions of biofuels including gasoline, jet, and diesel fuels. The catalytic hydrotreatment was also reported as the upgrading step for the pyrolysis oil obtained from beech wood with heterogeneous noble-metal catalysts. Licella Inc. is developing the HDCJ renewable aviation fuel. Licella has signed the memoranda of understanding with Virgin Australia and Air New Zealand in the development of the conversion process of the woody biomass into sustainable aviation fuel in 2011. The HDCJ aviation fuel is under tests following the ASTM specification [9,55]. 
1.8 Hydroprocessed esters and fatty acids (HEFA)
HEFA process parameters have been investigated [56] for diesel and aviation fuels production with aromatics content. The polyunsaturated fatty acids in the vegetable oil (e.g. soybean, sunflower, and camelina oils) are essential in the production of high aromatic content, with the novel Pt/Al2O3/SAPO-11 catalyst. [57] found that the optimal reaction temperature was 400 °C for the jet fuel production from waste cooking oil, with Ni/Meso-Y catalyst, obtaining high alkane (40.5%) and suitable aromatic (11.3%) contents. The study of [58] on hydrocracking palm oil, showed that the reaction temperature has an impact on the production of bio-jet fuel yield in the presence of Ni/SAPO-34 as a catalyst. The increasing temperature from 370 to 390 °C under the pressure of 30 bar provided the increase in bio-jet fuel yields from 21.1 to 42.0% along with the increase of the selectivity for jet fuel. [59] studied the catalytic cracking of vegetable oil in the production of cycloparaffinic and aromatic components in jet fuels. The triglyceride-based oil was firstly cracked in the presence of zeolite (HZSM-5) leading to the formation of C6-C9 aromatic hydrocarbons and C2-C4 light olefins as a by-product, at a temperature around 500 °C. The alkylation of light aromatics obtained from the previous step was processed using an ionic liquid [bmim] Cl-2AlCl3. The 86.2 wt% C8-C15 aromatics in the aviation fuel was reached at the atmospheric pressure and alkylation temperature, within 30 minutes, providing the desired C11 and C12 monocyclic aromatic hydrocarbons. The synthesis of C8-C15 cycloparaffins, that which generally account for 20-50 wt% of fossil-based jet fuels, was performed through the hydrogenation of aromatics with Pd/Ac catalyst. The aromatics were hydrogenated into saturated cycloparaffinics at 200 °C and 50 bar within 6 h reaction time. The products obtained could basically meet the aviation fuel standard requirement. The process could be a practical approach for bio-derived aviation fuels from triglycerides-based oils. In addition to the catalytic cracking approach, [60] investigated the catalytic hydrocracking approach for the kerosene production from fresh and WCO. The authors have noticed that the higher kerosene/naphtha ratios and naphtha selectivity were obtained at the hydrocracking temperature of 350 °C at 138 bar with LHSV 1.5 h-1 and H2-to-liquid feed ratio (H2/oil) 1068 nm3/m3 in the presence of di-methyl-disulfide (DMDS) and tetra-butyl-amine (TBA) as catalysts.
For the production of jet fuel range, the soybean oil was firstly transformed by hydrodeoxygenation and reforming in the presence of 1%Pt/Al2O3/SAPO-11 at 375-380 °C, 30 bar with liquid hourly space velocity (LHSV) 1 h-1. The produced hydrocarbons were converted by hydrocracking on the Ni2P/HY catalyst and by additional isomerization with 0.5%Pt/Al2O3/SAPO-11. 42-48 wt% aviation fuel yield with 12% aromatics was achieved as the basic production of drop-in diesel and jet fuel. Following the study of [61], the non-edible Jatropha oil was transformed in a hydroprocessing step with sulfided NiMo/SAPO-11 and NiW/SAPO-11 catalysts. The 40% aviation kerosene (C9-C14) was obtained providing the approximate density and viscosity with low sulfur content. The maximum kerosene yield was reached at 425 °C, 60-80 bar, and space velocity 1 h-1 for all catalysts. The obtained kerosene provided the desirable aromatic content with the reduction of hydrogen consumption of about 10%. [57] reported the production of jet fuel derived from waste cooking oil over nickel-loaded zeolites. Ni/Meso-Y exhibited high jet fuel selectivity (53%) with the proper aviation range aromatic hydrocarbon selectivity. The formation of jet fuel ranging hydrocarbon yield of 40.5% was observed at the operating temperature of 400 °C. They stated that waste cooking oil was initially transformed by decarbonylation leading to the generation of long-chain hydrocarbons (C15-C17). These long-chain alkanes were cracked into jet range hydrocarbons (C8-C16). [62] reported the conversion of palm kernel oil into jet fuel ranging hydrocarbons with NiMoS2/γ-Al2O3. This catalyst exhibited the 58% selectivity of jet fuel hydrocarbon. The desirable product with C10-C12 jet fuel hydrocarbons (approximately 92%) was obtained at 330 °C, 50 bar hydrogen pressure with LHSV 1 h-1. The hydroprocessing of waste cooking oil (WCO) containing mainly unsaturated compounds into the straight alkanes has been studied over two different catalysts including NiMo/γ-Al2O3 and Pd/C [63]. The high concentration of long-chained hydrocarbons (C15-C18) was achieved over Pd/C. Pd/C had better performance relative to NiMo/γ-Al2O3 with lower pressure (48 bar) and reaction temperature (300 °C), lower  H2 to oil ratios (750), and LHSV (0.5 h-1). Also, the alkane range C15-C18 hydrocarbons in jet fuel were greater than for NiMo/γ-Al2O3 catalyst. These alkane products could further be transformed by cracking and isomerizing into bio-based aviation fuel. 
In addition to the aforementioned studies, [64] addressed the direct production of jet fuel derived from non-edible oil including waste soy bean oil (SOB) and palm fatty acid distillate (PFAD) within a single-step conversion. The catalytic conversion was conducted over Pb/beta-zeolite at temperature 270 °C, without additional hydrogen, providing a large portion of the liquid product within the jet fuel range C12-C18. The jet fuel ranged hydrocarbons was 69.3% containing straight, branched, and aromatic hydrocarbons. The high degree of oxygen removal (95%) was reached. The obtained results demonstrated the production of aviation fuel from non-edible oils without supplementary hydrogen and further upgrading process. [65] studied the one-step hydrotreatment of catalytic Jatropha oil for kerosene production, using the response surface methodology for the process optimization. The authors found that the optimum condition reaching the highest C8-C16 was achieved at 410 °C, under 50 bar, LHSV 1.2 h-1, and the H2/oil ratio of 1000 mL mL-1 by using the SDBS-Pt/SAPO-11 catalyst. This new modified catalyst provided high selectivity for C8-C16 hydrocarbon, i.e. 59.51%.
1.9 Catalytic hydrothermolysis jet (CHJ)
This process requires a pre-conditioning stage for the removal of contaminants including metals, soaps, phospholipids, and other compounds avoiding the coke formation in downstream equipment and the fouling of catalysts, leading to a clean proper free fatty acid feedstock [66]. According to the study of [67], the bio-derived aviation fuels from the tung oil consisted significantly of high-density aromatic benzene up to 60%, serving as a desirable component for fuel blend stock for other SPK and/or commercial jet fuel. 
CHJ process was used to develop ReadiJet® biofuel by Applied Research Associate (ARA) and Chevron Lummus Global, with the Biofuels ISOCONVERSION (BIC) process. The 100% drop-in ReadiJet® was used with the Falcon 20 aircraft (2016), is providing a 50% reduction in particulate emission, lower GHG emission, and better fuel efficiency than petroleum aviation fuel [67,68]. The CHCJ-5 exhibited similar performance as petroleum-jet fuel JP-5, with similar physical properties, and energy content without compromising engine performances, having an identical molecular composition as the petroleum counterpart [66]. ReadiJet® jet fuel is being certified for commercial applications through the ASTM D4054 process. The approach led by BP, Chevron, and Phillips 66 collaborations is based on the processing of fats, oils, and greases as intermediates from numerous SAF conversion technologies such as CHJ, HRJ/HEFA, FT existing in the traditional petroleum refinery. This approach leverages existing refinery infrastructure for hydrotreating and hydrocracking providing cost-saving through refinery integration [69,70]. The insertion points in refinery processes are required depending on bio-based intermediate characteristics and products specification. For instance, oxygen removal and hydrocracking processes are mandatory for upgrading HTL biocrudes while the Fluid Catalytic Cracker (FCC) as an insertion point is mandatory for the production of gasoline and propylene [71]. They could therefore be combined in a conventional refinery updated to ASTM D1655 allowing a maximum 5% by volume insertion of vegetable oil with middle distillates in hydroprocessing [70,71].
2. Aviation liquid electrofuels
Electrofuels have been pinpointed as a possible sustainable alternative fuel for the large-scale production from renewable electricity (such as on-shore and offshore wind, solar photovoltaic powers, etc.), water, and captured CO2 as carbon source. The production of electrofuel is independent of the availability of arable land avoiding the risk of energy and food production competitiveness, or deforestation, with lower water demand. There is a considerable reduction of GHG emission and particulate matter emission during combustion in comparison with petroleum-based fuel. The non-CO2 greenhouse gases released at high altitudes are also mitigated. Details about technologies involved in synthetic aviation fuels production are described in this section.
2.1 Hydrogen supply
Three different water electrolysis technologies have been applied in the production of green hydrogen. Alkaline electrolysis uses two electrodes separated by a diaphragm and immersed in an aqueous alkaline electrolyte solution (KOH, NaOH, or NaCl) at 25-30% by weight for maximizing ionic conductivity. Typical temperatures are 65-100 °C under atmospheric pressure. This technology is less energy-intensive, low capital cost with large plant availability and long lifetimes. However, various drawbacks were observed, like cross-diffusion leading to a reduction in the electrolyzer efficiency, limited current density due to the ohmic loss, inability to operate at high pressure, and also corrosive character [72]. PEM electrolysis is based on a solid polymer electrolyte developed to overcome the drawback of previous electrolysis. The functional group of sulfonic acid (-SO3H) within a cross-linked membrane can lead to a strongly acid character and is responsible for the proton conductivity through an ion-exchange mechanism. PEM electrolyzers can operate at much higher current densities (in comparison with alkaline electrolysis) resulting in operational and overall costs reduction. PEM electrolysis has drawbacks including high investment costs associated with membrane and noble metal-based electrodes, and a short life span [72,73]. Solid oxide electrolysis (SOE) using a supported tubular electrolyte is still developed at the laboratory scale. A typical single-cell SOE is composed of a dense electrolyte layer between two porous electrodes as sandwiched structure. The advanced concept applies water or steam electrolysis at high temperatures 600-1000 °C, providing the sufficient ionic conductivity of the electrolyte. The most typically used electrolyte material is yttria (Y2O3)-stabilized zirconia (ZrO2) (YSZ) with good ionic conductivity at the prevailing high operating temperatures [74]. This technology can operate at a high current density for large production of hydrogen. SOE could be used for electrolysis [75], and for co-electrolysis of H2O/CO2 to H2/CO for syngas production [73]. High-temperature SOE has gained an interest in hydrogen production due to enhanced energy efficiency relative to the thermodynamically favored process in water splitting leading to a reduction in the electricity demand [76]. The waste heat from SOE electrolysis can be used for steam generation in power plants or in any industrial process. High-temperature SOE electrolysis thus demonstrates an increase in the production potential and efficiency [77]. The major limitation in the industrial application of SOE is the limited long-term stability [72]. Among the three different electrolysis processes, alkaline and PEM electrolysis have currently great potential in hydrogen production with large capacity at significant rates. The emerging process SOE is less mature but also promises an interesting aspect in future applications for renewable hydrogen production. 
2.2 Carbon sourcing
The carbon capture and storage (CCS) and carbon capture and utilization (CCU) technologies were implemented for a decade in many industries such as power generation plants, petroleum, and chemical plants, cement factories, steel industries, etc. The CO2 concentration at the point sources has an influence on the appropriate CCS technology selected and on its efficiency. CO2 extracted is transported and trapped underground within geological formations for enhancement of oil extraction, as a commercial solvent, and as a carbon source to be transformed into other useful products including aviation fuels. Industrial processing of CO2 concentrated at the point sources is performed through several available technologies including solid-adsorption, adsorption with a liquid solvent, etc. Moreover, the capture technologies have been applied depending on the industrial combustion process including post-, pre-, and oxy-combustion capture phases. The major aspect of all three systems is the generation of a CO2 stream that can be further sequestered and or storedused.
In the case of the post-combustion capture, the exhaust gases nearing the atmospheric pressure contain various amounts of CO2, for example, 3-6 % by volume in the natural gas-fired boiler, 12-14% in coal-fired power plants [78]. The adsorption/desorption technology is the separation of CO2 from exhaust flue gases produced in the industrial processes by using chemicals such as amine solution and, alkaline solvents. The amine scrubbing process is the most promising method of CO2 removal from flue gas of power plants (fossil fuel and natural gas-fired power plants). The CO2-laden solvent is then heated at 120 °C and 2 bar for desorption (known as solvent regeneration) resulting in the concentrated CO2 gas stream that is further compressed, stored, or transported to the user. The regenerated solvent is recycled in the absorption process. This technology is mature and easy to implement in commercial plants [79]. The high regeneration energy requirement and diluted CO2 stream are the major drawback associated with the large-scale power plants and increased operational cost. Many solvents have been developed namely bi-phasic-based, salts-based, water lean meeting the lower energy requirement for the regeneration stage with better adsorption characteristics [77]. Due to the relatively low pressure, compression of CO2 stream is mandatory to meet the requirement for transport and storage leading to increasing operational cost [80]. Another promising post-combustion capture system is the calcium looping process (CaL) as the reversible gas-solid reaction. It has been investigated for post-combustion CO2 capture in various pilot-scale tests particularly in the cement industries [81–83], and coal-fired power plants [84]. In this process, the flue gas containing CO2 reacts with the solid sorbents (such as limestone) at operating temperatures between 600-700 °C, resulting in the formation of solid CaCO3 (saturated sorbent). The CO2-saturated sorbent is reversely transformed to the CaO-sorbent (recirculated in the process) and highly concentrated CO2. The CO2-rich atmosphere is further purified and compressed. The thermal input for the endothermic calcination at a temperature above 900 °C is typically obtained from the fuel-burning chamber under the oxygen-rich condition in order to produce a highly concentrated CO2 stream. The main advantage of this technology is the employment of widely available and inexpensive sorbent and the high-energy efficiency [83,85]. Even though this capture technology requires a large energy consumption with both high-temperature reactions, it is possible to recover the thermal input from the calcination reaction [80,82]. Considering the pre-combustion technology capturing carbon prior to the burned fuel, the carbon dioxide concentration is relatively high 40% by volume (10-12 bar) [86]. This technology is known as integrated gasification combined cycle (IGCC) power plants for purified gas and electricity production. In this process, coal-based fuel is gasified to syngas under elevated pressure prior to the power generation. The syngas is cleaned and superheated steam is generated to produce electricity. CO in the syngas is subsequently converted to CO2 through a water-gas shift reaction. The physical or chemical absorption-based solvent is used to capture the CO2, depending on the syngas characteristics. The remaining stream of hydrogen is burned to generate electricity. Though this pre-combustion system is more complex and costlymore complex and costlier, relative to traditional coal combustion plants. CO2 separation is much easier and inexpensive due to the high operating pressure suitable for CO2 storage. IGCC has many advantages including the improvement in thermal efficiency, and low pollutant emissions from the coal power plant [86]. In a third approach, oxy-fuel combustion was developed for coal-fired power plants. The fuel is initially combusted with pure oxygen rather than air. The produced gas contains mostly water vapor and a high concentration of CO2 that facilitates the capturing process. After the SO2, NOx, and particulate matter are removed, the CO2-rich stream is liquefied for further sequestration [87]. Oxy-combustion system provides higher CO2 removal efficiencies exceeding 95%. However, this capturing technology requires the air separation unit to generate high oxygen content (95-99%) [88,89]. According to the aforementioned technologies, various industrial sectors especially fossil-based fuel-fired power plants can reduce their CO2 emissions through carbon sequestration. The use of industrial captured CO2 with high concentration for the electrofuel production is environmentally preferable for the minimization of the overall GHG emissions from the industrial processes and power generation plants in the near termnear-term future.
The Carbon Engineering (CE) company (Canada) has been developing the aqueous-based absorption of CO2 (DAC) since 2009. CE is the first company in aviation fuel production from atmospheric CO2 capture, water, and renewable electricity. This developed DAC is carried out based on an aqueous KOH sorbent coupled with a CaL recovery technology [90]. The large quantities of air horizontally fly through contactors based on the cooling-tower technology. The air contacts the alkaline solution containing 1.0 M OH-, 0.5 M CO32- and 2.0 M K+) to form potassium carbonate: (2KOH (aq) + CO2 (g) → K2CO3 + H2O ∆H° = -95.8 kJ mol-1). These compounds are precipitated with high ionic strength solutions of 30% Ca(OH)2 generating calcium carbonate (CaCO3) pellets simultaneously with KOH that can be reused (K2CO3 (aq) + Ca(OH)2 (s) → CaCO3 (s) + 2KOH (aq) ∆H° = -5.8 kJ mol-1). The produced CaCO3 is subsequently calcined resulting in calcium oxide and CO2 in supercritical form (CaCO3 (s) → CaO (s) + CO2 (g) ∆H° = +179.2 kJ mol-1). It is an energy-intensive step at temperatures above 700 °C. The recovered superheated steam derived from the CaO pellets could be used for power generation to maximize energy efficiency. The generated calcium oxide is hydrated at the operating temperature 300 °C forming Ca(OH)2 (CaO (s) + H2O (l) → Ca(OH)2 ∆H° = - 64.5 kJ mol-1). The captured CO2 as a concentrated stream is subsequently cleaned and compressed from atmospheric to 15 MPa at 45 °C. 
The Climeworks company (Switzerland) proposed to use a porous granulated material modified with amines (solid-sorbent system) to capture CO2 from the atmospheric air. Preliminary, the ambient air is transferred to a filter containing modified supported-amine. The CO2 captured that is chemically bounded to the saturated filter is released from the solid support at a temperature of 100 °C ensured by low-grade/waste heat as an energy source, and pumped out as concentrated CO2 [91]. The project partners (Climeworks, Ineratec, Sunfire, and KIT) have launched the Power-to-X (P2X) Kopernikus project to produce carbon-neutral fuels from air-captured carbon dioxide and using green power by a combination of advanced technologies to produce liquid fuels with maximum efficiency. For the Power-to-X project, the co-electrolysis is applied to split simultaneously carbon dioxide and water vapor as syngas in a single process (by Sunfire venture). The FT process is applied to convert the produced syngas into long-chain hydrocarbon molecules as a precursor for fuel production by Ineratec (a spinoff of KIT), and fuel quality and yield are further optimized via the hydrocracking process by Karlsruhe Institute of Technology (KIT) [91]. Additionally, Global Thermostat as the start-up for DAC technology (U.S.) has developed amine-modified monolith technology. Two pilot facilities of Global Thermostat are capable of removing 3,000 to 4,000 tonnes of CO2 per annum by each facility. The technology developed is firstly flown for maximizing the amount of air over the contactor by pushing the air through narrow channels with high contact surface area enabling the adsorption in a short period of time. The cost was estimated at around $100/ton CO2 captured. Collaboration with ExxonMobil was foreseen to scale up direct DAC and industrial capture technologies from August 2019 aiming to mitigate 1 billion tonnes of CO2 each year [92]. Even though emerging technologies are raising great attention allowing negative global CO2 emissions, the low concentration of carbon dioxide in the ambient air (roughly estimated 400 ppm in 2018) is still the major issue meaning that a large energy amount input and material cost are still necessary for capturing large quantities of air. [93] claimed that 2 to 4 times energy consumption is required for CO2 captured from the air in comparison with CO2 captured from flue gases. The development in DAC technology for the reduction of operational costs could provide this alternative option in the competition with the fossil-based liquid fuel in the future. 
2.3 Liquid hydrocarbon synthesis
In the FT route, CO2 from concentrated sources or air extraction is used as a carbon source as mentioned above. A fraction of the electrolytic hydrogen is initially required to reduce carbon dioxide to carbon monoxide via the reverse water gas shift reaction (H2 + CO2 → CO + H2O ∆H573K = +39.2 kJ mol-1). Then it is combined with the additional hydrogen forming syngas as the precursor for FT synthesis. The syngas produced through this pathway is relatively clean compared to the syngas produced from biomass or fossil fuel gasification. The operating conditions (e.g. H2/CO ratio, temperature, partial gas pressure, the catalyst used) in FT are of great importance to generate the desired product fractions. The FT synthesis requires similar stages as addressed in previous sections. The FT-derived hydrocarbon molecules with different lengths are upgraded in several process steps including hydrocracking, isomerization, and distillation. The full system integration for power-to-liquid production is demonstrated by Sunfire in Dresden, Germany. Sunfire demonstration plant applies the high-temperature co-electrolysis SOE for the production of synthesis gas in a single step, which reduces the investment and operating costs and increases the production efficiency for the P2X project [94]. 
In February 2019, Lufthansa has announced to start using low-carbon kerosene (sometimes denoted as electrofuel) generated from the Heide refinery in Germany, which aims to supply 5% of the fuel at Hamburg airport reaching almost zero-(fossil) carbon fuels within five years as a part of the KEROSyN100 project [95]. In this project, the first power-to-jet fuel plant at a commercial demonstration will be developed. The wind power will be used to power a 30 MW alkaline electrolyzer to produce hydrogen while the CO2 will be captured from the nearby cement plant. The H2 and CO2 captured are then combined through the methanol synthesis which is further converted into synthetic kerosene. According to the study of [96], the electrofuels are not cost-effective options with respect to other fuels, the process is energy-intensive and limited by carbon storage. Reaching the CNG by 2020 in the aviation sector, the KEROGREEN project supported by Europe (Horizon 2020) is developed (2018 to 2022). The project aims to develop a novel conversion route in the production of sustainably synthetic kerosene derived from non-biomass sources. Renewable electricity and CO2 captured from air and fuel usage have been served as the feedstock. The plasma driven CO2 dissociation, solid oxide membrane, CO2 capturing technology and FT process are integrated in compact-sized equipment producing 1 kg kerosene/hour. If successful, this project will provide a remarkable solutions. The equipment developed will be used to produce carbon-neutral liquid fuels on-site, with an offshore wind turbine or remote solar array without the requirement of expensive electricity infrastructure [97]. The collaboration between industrial and governmental sectors is a solid premise to foster the development and production of kerosene derived from non-biomass resources. 
3. Co-products generation in liquid fuels production pathways (biofuels and electrofuels)
3.1 2,3-Butanediol (optional)
According to LanzaTech Inc., the engineered microorganisms of the family of clostridium, including Clostridium autoethanogenum, have been used with carbohydrate substrates like fructose and/or sucrose and gas containing CO. The results showed that increasing the amount of CO provided led to the enhancement of the overall 2,3-BDO productivity. The desirable co-products (such as butanediol) are consequently recovered from fermentation broth using fractional distillation, pervaporation, and extractive fermentation whereas alcohols and acids might be recovered with different separation techniques [98]. [99] have studied the upscaling of 2,3-BDO productions with 150 L bioreactor using high-yield strain Enterobacter cloacae TERI BD 18 using commercial grade glucose as substrate. Two-stage pH and dual agitation control strategy can enhance the 2,3-BDO productivity as much as 1.73 g L-1 h-1 with the maximum yield of 0.48 g 2,3-BDO g glucose-1 achieved in 50 h.
LanzaTech pilot plant has a capacity of 15,000 gallons per year commissioned since November 2008. Furthermore, LanzaTech constructed a demonstration plant in China for the conversion of industrial waste gas to 2,3-BDO since 2010. 2,3-BDO derived from the conversion of carbon-rich industrial waste gases as feedstock has been commercialized in 2014. LanzaTech has developed processes with increased production of co-product in particular 2,3-BDO allowing the production of 50% of 2,3-BDO.
3.2 Isobutene (optional)
Lanxess and Gevo have signed an agreement to purchase isobutanol from Gevo Inc. being supplied as an alternative route to traditional fossil fuels for the next ten years [100]. According to Global Bioenergies Inc., the engineered E. coli strain MG1655 comprising of HMG-CoA synthase and mevalonate diphosphate decarboxylase has been used in the isobutene production with glucose feedstock via fermentation. Global Bioenergies’ technology has been developed with broad feedstock flexibility including non-biomass derived carbon sources for the isobutene productions. Due to low aqueous stability, isobutene is continuously vaporized and separated from the liquid broth in a gaseous state at ambient temperature and pressure [101]. The industrial pilot plant built in France (Pomacle) with Cristal Union as a partner, has a capacity of 10 tons per annum producing e-gasoline for Audi cars or purified as a valuable commodity chemical for numerous industries such as cosmetics, kerosene, LPG, plastics (since early 2015). The 100 tons/year production capacity was achieved in the demonstration plant at Leuna, Germany, operated since early 2017. The first full-sized plant is foreseen by the year 2020.
In 2015, LanzaTech with its partner INVISTA as the world’s largest integrated producer of chemical intermediates, polymers, and fibers, declared the successful development of a metabolic toolkit generating novel metabolic pathway to bio-derived butadiene and precursors such as 1,3-butanediol, 2,3-butanediol. This novel approach results in new direct and two-step processes for butadiene production as a particular product through gas fermentation technology [102]. Lanxess as a leading chemical company based in Germany has collaborated with Gevo in the development of sustainable isobutanol dehydration into isobutene as a material needed in rubber manufacturing since 2010 [100]. Additionally, the isobutene derived production from renewable feedstocks (e.g. residual sugars, crops, agricultural and forestry wastes) was announced by Global Bioenergies company (France) [101]. Furthermore, Global Bioenergies and LanzaTech have announced a new collaboration (in 2016) in order to directly transform the waste gas into isobutene [103].
3.3 Propane
The renewable propane produced by Neste Corporation will be supplied to its collaborator SHV Energy, the global leader in LPG distribution, 160,000 tonnes over a four-year period, sold as BioLPG for transportation applications in Europe. BioLPG can be used in various ranges of applications such as transportation without compromise on performance, commercial heating to retail leisure cylinders resulting in notable carbon footprint saving up to 80% [104]. In June 2019, KLM, SkyNRG, and SHV Energy have announced the first European production plant for sustainable aviation fuel in Delfzijl scheduled to operate in 2022 combining local waste streams and hydrogen from electrolysis. This facility, as part of the SkyNRG project called DSL-01, will annually produce 100,000 tonnes of SAF and 15,000 tonnes of BioLPG as a by-product. The waste and residue streams coming from regional industries will serve as feedstock ensuring the negative impact on food supply and environment, to meet the sustainability standards for sustainable fuels. Corresponding with this statement, KLM will purchase 75,000 tonnes SAF y-1 saving more than 200,000 tonnes of CO2 emission per annum whereas BioLPG products will be purchased by SHV Energy. This project contributes as a significant milestone to the energy transition in the upscaling of the market for sustainable kerosene along with BioLPG (KLM, SkyNRG, and SHV) [105]. AltAir Paramount LLC refinery in California owned by the leader in low-carbon transportation fuels supplier World Energy Inc. since 2018 produced renewable propane along with aviation and diesel fuels from a small number of non-edible vegetable oils and animal tallow. The renewable propane is also applied on-site or exported as process fuel [106].
3.4 Naphtha
The CARB-compliant renewable gasoline (as an alkylate combination) provides an octane number of 91, cleaner combustion and emission reduction meeting more stringent air quality standards. Additionally, World Energy has announced the partnership with Pearson Fuels to purchase renewable naphtha in October 2019. Pearson Fuels as the largest distributor of E85 Flex Fuel in California blends this renewable naphtha with its ethanol allowing delivery of sustainable fuels and energy. This low-carbon, high-octane E85 fuel is up to 55% cleaner in comparison with conventional gasoline and is specified for use in Flexible Fuel Vehicles (FFV’s). E85 Flex Fuel generally purchases for 50 to 75 cents gallon-1 less than regular unleaded gasoline driving immediate and positive environmental changes [107]. Neste MY renewable naphtha is generated as a co-product derived from the refining of renewable diesel production through HEFA conversion technology. It could be used as a blending gasoline component or fuel additive due to its high energy density, and serves as a precursor in the production of bio-plastics and renewable-based chemicals [108]. The proportion of renewable-based naphtha as a blending component can be determined by the RVP and octane number of both substituents. 
3.5 Isooctane
Gevo Inc., a SAF refinery company (SAF from alcoholic fermentation), has announced in February 2019 a 10-y purchase and sale agreement with HCS group, for 10,000 tonnes/year of Gevo’s isooctane for high-end applications, for instance, high purity solvents, special fuels under the key brand Haltermann Carless (excluding isooctane use for road transportation fuels) [109]. According to this agreement, isooctane is one of the main products derived from Gevo Inc., coupled with isobutanol and renewable aviation fuels production [109].
Global Bioenergies has also developed an innovative approach in the fermentation process allowing gaseous product separation from the liquid phase through spontaneous evaporation. This process could mitigate the process complexity along with energy intensity in product separation, for isooctane production [103]. The first isobutene batch produced from renewable sources at Global Bioenergies’ industrial pilot plant had been delivered to chemical company Arkema in May 2015 and was subsequently converted into isooctane by the Fraunhofer Center for Chemical Biotechnological Processes (CBP). These isooctane produced in collaboration with Audi could be applied as additive fuel or as standalone fuel labeled unleaded 100 [110]. Global Bioenergies has signed an agreement with IBN-One and Lantmänen Aspen for the production of isooctane for specialty fuel applications in early 2020. During this project, isobutene produced from the Global Bioenergies demonstration plant (based in Leuna) will be converted into isooctane prior to starting the commercial plant IBN-One [111]. In addition to bio-based isooctane, Global Bioenergies and its collaborator Audi have announced the production of renewable liquid isooctane denoted as e-Benzin (e-gasoline). This program is devoted to developing innovative technology in the production of renewable isooctane using non-biomass sources such as water and, sunlight. The first production of Audi e-gasoline of 60 L, was achieved for initial engine tests in March 2018 [112].
3.6 Gasoline
Gevo Inc. (Table S2), for example, markets a renewable gasoline product generated by blending the isooctane derived from maize-based isobutanol with naphtha and alcohols (ethanol, isobutanol). This product has applications like fuel for Formula One racing, packaged fuels for outdoor equipment, fuel for light-duty city fleet (in Seattle) [113].
3.7 Diesel
Red Rock Biofuel’s biorefinery (Oregon) has a production capacity of 7.2 million gallons of aviation fuel coupled with 7.2 million gallons diesel and 3.6 million gallons naphtha per annum in Table S2 [114]. Furthermore, Altalto Immingham Limited in collaboration with British Airways, Shell, and Velocys, develops the first European commercial plant to produce sustainable fuels (based in the U.K.) since August 2019. The production of renewable fuels is planned, in particular of SPK, using household and commercial solid waste through the FT process developed by Velocys. British Airline purchases this renewable aviation fuel reaching CNG from 2020. Shell intends to purchase both aviation and road transportation fuels derived from the Altato project for carbon footprint mitigation [115]. During the bio-based kerosene production through biochemical conversion processes, the diesel range hydrocarbons are cracked and isomerized to form paraffin with the appropriate carbon distribution for the aviation fuel range. Renewable diesel is generated from Gevo Inc. as a by-product from the alcoholic fermentation process providing reductions in CO2 and particulates emissions. This renewable diesel might facilitate the marine sector to meet new international water regulations starting in 2020, due to notably sulfur reduction, particulates, and CO2 emissions [116]. Honeywell UOP produces renewable diesel through the HRJ/HEFA pathway coupled with renewable aviation fuels production. The desirable product fractions, either renewable diesel or synthetic paraffinic kerosene (SPK), are significantly dependent on the market demand and price. Honeywell Green Diesel has 44 MJ kg-1 energy density, less sulfur content (< 2 ppm) with a high cetane number of 75-90 and can be utilized at neat form without significant modification in fleet operations. This renewable diesel could be used as blending stock without additional investments or engine modifications.
3.8 Wax
Waxes produced in FT pathways are competitive with fossil oil-based waxes. Due to their purity, they might be sold at around $1.24 kg-1 while the crude oil-based paraffin waxes are purchased at approximately $1.03 kg-1 [117]. It appears there is already a market demand for these FT-wax products; for instance, Carbon Engineering, a leading company in Direct Air Capture technology, announced that they will sell some of these heavy alkanes (C21-C30) as industrial lubricant precursors to customers such as Unilever, for the production of synthetic petroleum jelly [117]. 
4. Electric and Carbon-free aviation
4.1 Electric powered aviation
The limited battery energy density and the improvement of energy storage have been studied for delivering sufficient power to engines. NASA as a part of the X-planes, with Electric Power System (EPS) by Safran Corporate, develop a battery module for the experimental X-57 Maxwell electric aircraft. They are seeking reliable lithium-ion battery modules, lightweight, with advanced battery packing technologies, for efficient flights avoiding overheating and failure. EPS innovates in cell welding and thermal management without additional weights and provided an 850-pound lithium-ion battery pack for NASA’s X-57 Maxwell. This innovative approach is capable of stopping thermal runaway at an individual cell level and set a new standard for “packaging overhead” as the ratio of the packaging weight to the weight of the cells [118]. Development of this prototype has been continuously carried out such as a high-aspect-ratio wing, smaller high-lift motors providing better performance and energy efficiency [119]. The modified X-57 Maxwell denoted as Modification IV has been planned for its first test flight in late 2020. As the mentioned successful issue, the eFly program created by Bye Aerospace as the world leader and innovator of electric and solar-electric aircraft produced 2-seat eFlyer (eFlyer 2) since February 2014 and also developed 4-seat aircraft model as denoted as eFlyer 4 in July 2017. These electric aircraft are made from composite materials powered by six and ten lithium-ion batteries in eFlyer 2 and eFlyer 4, respectively Bye Aerospace has announced to apply the EPS batteries to power the eFlyer in March 2018. For the first flight, eFlyer 2 consisting of a Siemens SP70D electric motor was demonstrated in April 2018 [120]. Boeing HorizonX Ventures and Safran Corporate Ventures have announced their collaboration in EPS since September 2019 to develop lightweight energy storage systems providing high-quality power in the aviation sectors at an unprecedented scale. They have unveiled to produce batteries for the urban air mobility at an industrial scale based on the Utah-company in coordination with the U.S. Federal Aviation Administration for testing and developing the safety regulations and testing requirement for electric and hybrid aircraft. Boeing HorizonX Ventures has invested in Cuberg as an advanced lithium metal battery technology. Safran Ventures has invested in OXIS Energy as the leader in lithium-sulfur cell technology for high energy density battery systems [121]. 
Bell Inc. has designed electric vertical take-off and landing (eVTOL) aircraft with the addition of a purely electric propulsion option in the new demonstrator helicopter Bell Nexus 4EX in 2019, consisting of four ducted fans. This new aircraft demonstrates less drag with more efficiency in the cruise mode providing 10% to 15% energy density improvement by the mid-2020s [122]. Rolls-Royce recently reveals the project Accelerating the Electrification of Flight (ACCEL) with the Aerospace Technology Institute (ATI) as a partner in the development of electric propulsion. They planned to create the fastest all-electric aircraft with a highly powerful battery and with lightweight materials. Rolls-Royce and YASA as a manufacturer of high-power, lightweight electric motors, and controllers, are involved in the development of an electric demonstrator aircraft, supported by Electroflight start-up for high-performance electric powertrains [123]. The ionBird test airframe as the electrical technology propelling the aircraft in the ACCEL project was also unveiled in December 2019. According to Rolls-Royce, the most powerful battery for an aircraft in ACCEL will provide sufficient energy to fly 200 miles on single charges. These 6,000 cells are packaged to minimize weight and maximize thermal protection with an advanced cooling system [124]. Furthermore, Rolls-Royce has participated in the research program with Norwegian airline WiderØe since August 2019 on a zero-emission aviation program. They have planned to replace and electrify its regional fleet of more than 30 planes by 2030, designed for short-haul distances. The investment in electrification is ramping up rapidly to make it become a reality [125]. According to the regulatory approval, and public perception, the Urban Air Mobility (UAM) including package delivery drones, passenger-carrying air taxis, air ambulances, etc. could make profitable as many as 500 million flights for cargo services and 750 million flights per annum for air metro services [126]. However, the prospective for electric longer-range flights is dependent on liquid sustainable aviation fuels for the next few decades. 
In addition to all-electric aircraft projects, the E-Fan X hybrid-electric propulsion has been developed by Rolls-Royce, Airbus, and Siemens, launched in 2017 [127]. A first flight was expected in 2021; however, this project was canceled in April 2020 [128]. 
4.2 Hydrogen aviation 
Airports like London Heathrow (LHR), Berlin Brandenburg (BER), Los Angeles International Airport (LAX), Gatwick, Toulouse-Blagnac (TLS) are expected to have installed hydrogen refueling stations by 2020, and to generate hydrogen on-site from renewable energy sources through water electrolysis. 
Both liquid and gaseous forms of hydrogen can serve as fuels depending mainly on the developed technologies. Liquid hydrogen contains a higher energy density relative to the compressed gas. However, it increases the aircrafts’ weight as it requires cryogenic tanks in accordance with the safety regulation and high energy-intensive process in production. Compressed hydrogen gas is therefore used for road transport in some projects. A four-seat passenger HY4 aircraft, with 1500-kilometer range, has been developed by DLR Institute of Engineering and Thermodynamics (Germany) and its forwith More Electric Aircraft (MEA) and All Electric Aircraft (AEA) with 1500-kilometer range. The HY4 fuel cell powered aircraft was flown the first flight from Stuttgart Airport on September 2016. This aircraft is the world’s first aircraft powered solely by hydrogen fuel cell system. The powertrain system comprises a hydrogen storage system, and a low-temperature hydrogen fuel cell and lithium battery as energy storage component. The compressed hydrogen is directly converted into electricity, with water vapor and small amount of heat as waste products. Further objective of the DLR Institute of Engineering & Thermodynamics is to improve the fuel cell powertrain in regional aircrafts with up to 19 passenger [129]. ZeroAvia based in Cranfield, U.K. and Hollister, California, U.S. aims to demonstrate hydrogen fuel cell powertrain technology aircrafts for zero-emission aviation [130]. The Piper M-class aircraft with 6-seats in business-class arrangement was successfully conducted for the full test fight with two tons takeoff weight in April 2019. The hydrogen in this airframe is compressed at about 345 bar,  as the similarly to the high-pressure fuel cell system in road vehicles. The development of hydrogen fuel cell powertrain was also the subject of the HyFlyer project of ZeroAvia, granted by the U.K. government, enabling zero emission in commercial aviation. During the project, the conventional powertrain will be replaced with electric motors, hydrogen fuel cells and gas storage. Intelligent Energy will intervene with ZeroAvia in optimization of evaporative cooling fuel cell technology. Cranfield Aerospace Solutions (CAeS) will support the integrating ZeroAvia’s hydrogen powertrain technology into the Piper airframe. Moreover, the project partner European Marine Energy Centre (EMEC) Hydrogen generates the green hydrogen from renewable wind and tidal energy and will supply the hydrogen for the flight test. Their hydrogen-powered planes with as many as 20 seats, are planned to launch commercial operations in 2020, delivering up to 500 miles (~ 8,047 km) regional flights. 
Singapore’s HES Inc. as the global leader in hydrogen propulsion systems for autonomous aerial vehicles has unveiled Element One as the world’s first regional hydrogen-powered passenger aircraft in October 2018. It is expected to be the first prototype to be ready by the year 2025 in Toulouse, France. The Element One aircraft could currently carry four to ten passengers between 500 and 5,000 km for regional flights depending on whether the hydrogen is stored in gaseous or liquid form. The key technology in this aircraft is HES’ Aeropak solution merging ultra-light hydrogen fuel cell technologies with a distributed electric aircraft propulsion design as a hybrid hydrogen-electric propulsion system. After which the smaller scale unmanned aircraft with a single Aeropak will begin the test in 2027 [131]. HES has joined the consortium including Aerospace Valley as the global aviation research and development hub in Toulouse, Wingly as a French startup offering flight-sharing services for decentralized and regional air travel, ERGOSUP as a small developer of the innovative electrolyzer capable of producing hydrogen from renewable resources. Industrial-scale hydrogen producers (H2 derived from renewable solar or wind energy) are involved in the development of the refueling systems in hydrogen-ready airports preparation for large-scale hybrid hydrogen-electric Element One aircraft [131]. Alakai Technologies Corporation (a Massachusetts-based startup) has unveiled the test flight of five-seat multirotor Skai aircraft powered by hydrogen fuel cells in 2019 and is expected to achieve USA Federal Aviation Administration (FAA) certification by 2020. Skai aircraft can range up to 400 miles with 4 hours flight time. This aircraft contains three hydrogen fuel cells, hydrogen cooled into liquid form and stored in double-walled stainless steel fuel tanks under 100 psi pressure [132]. ENABLing CryogEnic Hydrogen-Based CO2-free Air Transport (ENABLEH2) has recently been funded (2018-2022) by the European Union’s Horizon 2020 research and innovation program, and led by Cranfield University. This project aims to develop the liquid hydrogen (LH2) based propulsion technology achieving zero-level CO2 and ultra-low NOx emissions through several approaches such as combustor design improvement with high energy efficiency, fuel system heat management, infrastructure development, economic sustainability, and community acceptance, etc. The roadmap enables technology development and integration of aircraft and propulsion systems at TRL 6 by 2030-2035. NASA is ongoing the project in the development of a super-cold cryogenic hydrogen fuel cell system for powering electric aircraft since May 2019 [133]. The Center for Cryogenic High-Efficiency Electrical Technologies for Aircraft (CHEETA) program will investigate the practical electric propulsion technology to replace conventional fossil fuel propulsion systems. This program focuses on the development of aircraft powered by cryogenic liquid hydrogen as energy carriers through fuel cells driving the ultra-efficient electric propulsion system. Eight institutions collaborate to overcome the barriers in the practical cryogenic hydrogen applications in the electric propulsion system. The low-temperature requirement for a hydrogen propulsion system is also being investigated by using superconducting energy transmission, and a high-power motor system [134]. Additionally, the collaboration between eCap and Breezer Aircraft companies has set the objective to make aircraft powered by electricity generated from hydrogen in January 2020. The new high-performance electric propulsion system from Breezer Aircraft will be installed in a Breezer B440-6 small aircraft including high-performance battery storage provided by eCap. The fuel cell will be applied in another prototype [135]. In addition, in July 2020, Airbus has been launched the utilization of hydrogen fuel cell to power gas turbines or hybrid-electric combinations as the expected technology for the next decade for theable to reduction reduce of the climate change effects [136]. 
4.3 Solar aviation
Solar photovoltaic (PV) systems are used to produce electricity for propulsion and for charging batteries as a backup energy source for periods without sun. It is one of all electric propulsion systems. For the solar aviation, photovoltaic (PV) systems serve as (solar) energy converter for electricity generation [137]. this system is similar to Solar panels are replaced in this case, similar to the case of the all fuel cell electric (Fig. 17d6d), the PV being installed instead of fuel cells. Solar panels installed on the wings convert the solar energy into electricity, which is used to power the electric motor driving a propeller/fan, and charge batteries during daylight time [138]. Excess electricity is stored in batteries to supply overnight power. The limitations are low conversion efficiency of solar panels to electricity, inconsistency for capturing photons onboard, and vulnerable materials to adverse weather conditions [138]. Though, toTo date, solar-aviation is focusing on other applications including unmanned aircraft systems/unmanned aerial vehicles (UAS/UAV) as mentioned below. General aviation shas also been conducted, for instance, the Solar Impulse project (not for passenger-carrying). The development for greater payload is far as there have been other emerging energy sources to be deployed. However, if successfully, they can provide clean visionssolutions, as a long-term perspective, for the air transportations. Airbus Defence and Space announced the world’s first operational High Altitude Pseudo-Satellite (HAPS) Unmanned Aircraft System/ Unmanned Aerial Vehicle (UAS/UAV) flight (Zephyr project). A first model has completed a maiden flight in 2018 for 26 days straight [139]. Other successful demonstrations for solar powered UAS/UAV include the Odysseus drone (first flight in April 2019; [140]) and the Silent Falcon UAS/UAV (commercialized in 2015 five to seven hours flight; [141]). Notably, Solar Impulse has become the first solar airplane flying more than 40,000 km around the world without fuel, from June 2012 to July 2016;, however, it is a one-seat plane (pilot) and was not built to carry passengers [142]. 
5. Sustainable biomass and alternative potentials
Assumptions and background information for the calculation of sustainable biomass potentials are presented here below. 
5.1 Aviation fuel demand and assumptions
Aviation fuel demand has been calculated based on the projected air passenger demands from [143]. In 2045, approximately 22 trillion revenue passenger kilometers (RPKs) have been reportedis foreseen for domestic and international service segments. The passenger load factor is assumed as 80% corresponding with the actual value before the COVID-19 outbreak. Aircraft’s performances derived from Airbus and Boeing manufacturing with the aforementioned parameters have been used to estimate their specific energy consumption in the unit ofas MJ seat-1 km-1 (flight range dependent). In 2045, tThehe energy requirement (fossil-based kerosene) in 2045 is approximated at 16.73 EJ y1. This amount is further used to calculate the sustainable biomass potentials (, detail in Appendix B: excel spreadsheet).
Concerning the global RPKs in 2020, around 2.9 trillion RPKs y-1 have been reported [144]. Approximately 2.55 EJ kerosene is needed.
5.2 Biomass required to fulfill the 2045 demand, if 100% bio-kerosene 
The meta-study of [145] suggests a maximal residual biomass potential of ca. 200 EJ y-1 (equivalent to approx. 10,000-13,333 Mtonnes y-1 (Mt) considering the biomass energy density of 15-20 MJ kg-1). 
For sustainable bio-kerosene, the biomass gasification-FT process has been considered with carbohydrate- and lignocellulosic-based biomass. The energy density of these biomasses has been estimated using data from [146], i.e., within the ranges of 15-20 MJ kg-1. Input (biomass) and output (syngas before the FT process) data are obtained from the study of [147], . Whilewhile the output mass fraction derived from the FT process is retrieved from [42,148]. Residual biomass composition is derived from [149]. From the aforementioned studies, it was considered that 0.183 kg biomass (dry matter) is required to generate 1 MJ FT-SPK. 
Therefore, biomass requirements for alternative kerosene production are estimated at approximately 53.29-71.05 EJ y-1 biomass to reach the projected air passenger demand (16.73 EJ kerosene y-1) in 2045. 
5.3 Biomass potential for bioplastic projection demand
For comparison reasons, the required biomass for bioplastic production is also estimated. Based on [150], about 4.3 million tonnes of biomass is required to supply 3.4 million tonnes bioplastics (with an average bio-based share of 43%). The Ellen MacArthur Foundation forecasts a global consumption (year 2050) of 1,124 million tonnes of plastics y-1 [151]. Considering a lower heating value of biomass of 15 GJ tonne-1 approximately 20 EJ biomass y-1 is thus demanded just for the future bioplastic demand.
5.4 Biomass potential for maritime fuel projection demand
Another example is the forecasted demand for the maritime sector (shipping sector). Numerous energy sources can be applied (e.g., liquefied natural gas (LNG), diesel, ammonia; [152]). The projected maritime fuel in 2050 is about 9.50 EJ, and LNG represents the major share of this [152,153]. Roughly considering that 100% of the 9.50 EJ y-1 demand is to be supplied by bio-based LNG, approximately 20 EJ biomass y-1 could be required. This estimation considers straw (90% dry matter, 90% volatile solids out of total dry matter and 0.22 Nm3 CH4 per kg volatile solids; [154]), 1,300 Nm3 CH4 per tonne LNG [155], a LHV of 50 MJ kg-1 LNG [153] and a biomass LHV of 15 GJ tonne-1.
5.5 Waste oil and residual fat potential for HEFA-SPK projection demand
Waste oil and residual fats are one of the promising feedstock as listed in the Renewable Energy Directive (RED II), Annex IV Part B for the eligible fuel productions [156,157]. Moreover, they are considered the primary feedstock for aviation fuel productions through the HEFA-SPK when the debates have been made on thefrom the point of view of sustainability criteria (e.g., food and feed market competition, land-use change impacts). However, their availability is another issue to be discussed. This section, therefore, provides key assumptions for the calculations oncalculating their estimated potential according to the reported HEFA-SPK production capacity (by Neste) and the projected demands. 
According to several studiesthe literature (e.g., [158–161]), it has been found that the oleic acid (C18H34O2) fatty acids are iscommonly presented in the main fatty acid of triglyceride compounds, which are detected as thethe main major compositions incomponent of the oleochemical wastes. Therefore, glyceryl tri-oleateTh ey are thereforewas chosen as the representative compounds to apply in the hydro-deoxygenation (HDD) and hydrocracking units. During the HDD process, the triglyceride molecule is converted into the paraffinic compounds via three main reactions reactions have been considered to convert the triglycerides into the paraffinic compounds [63,162,163]:
Hydrodeoxygenation:		C3H5-(C18H32O2)3 + 6H2 → C3H5-(C18H36O2)3		(1)
Propane cleavage:		C3H5-(C18H36O2)3 + 3H2 → 3C18H37O2 + C3H8		(2)
Decarboxylation:				     3C18H37O2    → C17H36 + CO2 + 0.5H2		(3)	
Subsequently, the produced paraffinic compounds (herein referred to as C17H36) are transferred toconverted into the HEFA-SPK in the hydrocracking unit for the conversion to the HEFA-SPK. Fromunit. For simplicity, the HEFA-SPK with C12H26 is considered as the representative SPK is assumed regarding the (hydrocarbon ranges of kerosene between C8-C16 in kerosene [164]).. 
Hydrocracking:				C17H36 + H2 → C12H26 + C5H12			(4)	
Assuming It is assumed that other compounds in the waste oils and residual fat feedstock such as phospholipids are considered negligible in the waste oils and residual fat feedstock. The A lower heating value (LHV) of waste oil/residual fat and the produced HEFA-SPK of about 40 MJ kg-1 [165,166] and 45 MJ kg-1 [167], respectively, are applied. 
From the abovementioned assumptions, approximately 0.12 kg of waste oils and residual fats are required to produce 1 MJ HEFA-SPK. As reported by Neste, it is demonstrated that around 0.02 EJ oleochemical waste is needed to produce 100,000 tonnes of HEFA-SPK [168]. To produce 16.73 EJ aviation energy demand, considered to be only derived from the HEFA process, ~about 77.41 EJ waste oils and fats are required.
5.6 Theoretical hydrogen, water, and CO2 needs to supply future aviation demand by 100% electrofuels
According to the carbon distribution in kerosene in the range of 8 and 16, an average carbon number of 12 corresponding to C12H26 is assumed as the major component in the aviation electrofuel. Gravimetric energy density of kerosene is 43.0 MJ kg-1 [42,167]. Hydrogen has beenis considered to be produce obtained through water electrolysis. The electricity requirement for water splitting can be retrieved in Table S4. Reserves Reverse water gas shift reaction is required for syngas composition adjustment. Electricity for DAC technologies varies, with 0.23 and 0.45 kWh kg-1 CO2 captured for physical absorption in liquid media and solid adsorption, respectively [90,169]. Assuming It is assumed that captured carbon and hydrogen are directly used without compression and storage. Generic chemical reactions for this production process are given below.
Water electrolysis:			37 H2O		→	37 H2 + 17.5 O2			(5)
CO2 capturing:				12 CO2		→	12 CO2 captured			(6) 
Reverse water gas shift reaction:	12 CO2 captured + (1) 12 H2	→	12 CO + 12 H2O			(7)
Syngas production:		12 CO + (2) 25 H2	→ 	Syngas (12 CO + 25 H2)		(8)
FT synthesis & upgrading:	Syngas (12 CO + 25 H2)	→	C12H26 + 12 H2O			(9)
For the aforementioned reactions and assumptions, to produce 16.73 EJ aviation kerosene (C12H26) for 2045, 169 Mt hydrogen and 1,200 Mt CO2 captured are needed, providing which request approximately 5,900-11,000 TWh electricity consumptions. Approximately 1,500 Mt of water is required to produce the mentioned hydrogen amount. The detailed calculation can be retrieved in SM2: excel spreadsheet. 
5.7 Liquid hydrogen production
Water electrolysis is put forward as a key “green hydrogen” production technology. Electricity consumption for water splitting varies depending upon on the technologyies as demonstrated in Table S4. The generated hydrogen has to bemust be compressed for its use in the pane stored in the plane and hence compressed, which needs additional electricity consumption. Herein, gaseous hydrogen is compressed to liquid form with approximately 7 kWh kg H2-1 [170]. To reach the 16.73 EJ aviation demand of in 2045, about 5,500-9,300 TWh electricity including liquefaction is needed, as well as approximately 1,250 Mt water is required for water electrolysis. The further detailed calculation can be retrieved in SM2: excel spreadsheet. 
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6. Table S1 Aviation biofuels characteristics from different conversion technologies
	Technological conversion
	Feedstock
	Fuels produced and blending ratio 
by volume
	Aviation biofuelsBio-aviation fuels characteristics
	Limitations
	Commercial used 
	References

	Aqueous Phase Reforming (APR)
	Carbohydrate and lignocellulosic-based biomass
	SKA and SK: Unknown; still under certification
	• High cyclic hydrocarbon and suitable aromatic contenta allowing to increase the content of bio-based fuel in the blending
• A likely broader range of hydrocarbons than other bio-based alternatives
• Reduction (50-80%) in particulate matters compared to conventional jet fuels
• Good cold flow propertiesb and thermal stabilityc
	• Expensive and short-lived (deactivation) catalysts
	TRL 4-5
FRLd of 6
according to Virent's APR technology in demonstration facilities
	[9,171–174] ; 

	Direct Sugar to Hydrocarbon (DSHC), also referred to as Hydroprocessed fermented sugar (HFS)
	Carbohydrate and lignocellulosic-based biomass
	SIP: Up to 10%  (certified in 2014) (Amyris and Total)
	• Mainly comprising of iso-paraffin 
(97% by weight farnesane), which results in low freezing point
• High energy contents (47.5 MJ kg-1)
• High flash point (51.3 °C) due to long-chain hydrocarbons
• No sulfur and particulate matters
	• Long-chain hydrocarbon (as farnesane C15H32) resulting in a high viscosity causing poor combustion performance, poor lubricity, and pumping difficulties
• Absence of aromatics leading to elastomers being shrunk and fuel leakage
• Incomplete mixture of hydrocarbons, as uncovered by a continuous distillation curve 
(ASTM D7566 Annex A3) 
• Alternative high-value markets for farnesane
	TRL 7-8 for sugar feedstock
TRL 5 for cellulosic biomass
FRL 7-8
according to Amyris technology
	[9,10,67,174,175]


	Alcohol-to-Jet (ATJ): Sugar fermentation and alcohol upgrading (SuF)
	Carbohydrate-based and lignocellulosic biomass
	ATJ-SPK from isobutanol: up to 50% (certified in 2018) 
ATJ-SK: unknown; under certification
	• Mixture of C12 and C16 iso-paraffinic hydrocarbons derived from iso-butanol based 
• High energy density (43.2 MJ kg-1) and good thermal stabilityc
• High flash point (48 °C)
• Low total sulfur content (<0.01%) with low soot formations
	• Absence of aromatics leading to elastomer shrinkage and fuel leakage
• Requirement for upgrading processes to longer-chained hydrocarbons with higher energy density
• Low reactivity resulting from the high fraction of branched hydrocarbons
• In a complete mixture of hydrocarbons, as uncovered by a continuous distillation curve 
(ASTM D7566 Annex A5)
	TRL 5-6
FRL 4-6
	[33,174,176,177]


	Alcohol-to-Jet (ATJ): Syngas fermentation and alcohol upgrading (SF)
	Industrial off gasese, 
syngas or biogas generated from biomass resource
	ATJ-SPK: up to 50% (certified in 2018) derived from renewable ethanol
	• High content of iso-paraffinic hydrocarbons without the formation of aromatics and cycloalkanes
• Wide-boiling iso-paraffinic kerosene similar to HEPA-SPK and conventional jet fuel
• Good thermal stabilityb and low amount of contaminants
• Optimum flash point (≥ 38 °C)
• Freezing point (-61 °C) well below ASTM standard
	• Low solubility of syngas in fermentation media with limiting gas conversion efficiency
• Requirement of the upgrading processes to longer-chained hydrocarbons with higher energy density
• Low aromatic content resulting in poor lubricity
	TRL 5-6
FRL 4-6
	[57,174,178,179]


	Fischer-Tropsch (FT) process
	Lignocellulosic biomass (e.g. forestry residue, crop residues)
	FT-SPK: up to 50% (certified in 2009)
	• Mostly composed of n- and iso-paraffins conferring a good thermal stability and cold flow propertiesb
• High cetane number leading to complete combustion with a shorter ignition delay time
• Low nitrogen, sulfur, and cyclic hydrocarbon content
	• High production cost with process efficiency between 25-50 %
• Low lubricity because of the absence of occurring oxygen, nitrogen, and sulfur-containing compounds
• Low aromatic content resulting in some fuel leakage problems
• Extensive gas cleanup and conditioning requirement of syngas properties prior to the FT unit
	TRL 5-6
FRL 7-8
corresponding with biomass-to-liquid FT
	[173,174,180–182]


	Integrated hydropyrolysis and hydroconversion (IH2)
	Lignocellulosic biomass
	Unknown; under certification
	• High aromatic content (around 92 vol.%) exceeding the ASTM D1655 (max. 25 vol.%)

	• Low values in terms of the net heat of combustion, smoke point, naphthalenes, etc.
• Low catalysts lifetime
	TRL 6
	[174,183]

	Hydrotreated depolymerized cellulosic jet (HDCJ)


	Lignocellulosic biomass
	Unknown; still under research and development
	• High energy density of bio-crude oil (from pilot-scale results)
• Low sulfur content
• High lubricity
	• Intensive bio-oil upgrading processes in particular pyrolysis bio-oil
	TRL 6
FRL 6 
according to Licella's Cat-HTR technology
	[9,55,174,184] 








	Hydroprocessed renewable jet (HRJ) also referred to as Hydroprocessed esters and fatty acids (HEFA)
	Oil-based biomass such as animal fat used cooking oils
	HEFA-SPK: up to 50% (certified in 2011)
HC HEFA-SPK: up to 10% (certified in 2020)
HEFA-SK: unknown; under consideration
	• Composed mainly of linear and branched alkanes (C9-C15) with a small fraction of cyclic hydrocarbons
• High cetane number, which causes a short ignition time delay and good combustion performance
• Free of aromatics and sulfur
• Good thermal stabilityb due to the absence of aromatics
• Ash-free fuel combustion
• Low soot formation
	• Low lubricity due to the absence of oxygen, nitrogen, and sulfur-containing compounds
• High paraffin contents affecting the cold flow properties
• Low oxidative stabilityf due to the absence of cyclic compounds and/or antioxidants
• Different feedstock used providing different cetane numbers resulting in the fuel ignition engine
• High hydrogen requirement
• High vulnerability on feedstock cost
	TRL 8 (vegetable and lipids)
TRL 5 (micro algal oils)
FRL 9; the technology is mature and deployed at commercial scale
	[61,174,182,185,186]


	
	
	
	
	
	
	

	Catalytic hydrothermolysis jet (CHJ)
	Oil-based biomass such as animal fat, waste oils
	CH-SK: up to 50% (certified in 2020) 
	• CH-SK consists of aromatic, cyclo-paraffinic, and iso-paraffinic hydrocarbons suitable for use as a 100% drop-in fuel
• 20% Aromatic contents
	• Low smoke point
	TRL 6
FRL 6

	[54,66,174]

	Note. an 8-25 % aromatics (by volume) according to ASTM D7566 standard specification (ASTM D7566-19b, Standard specification for aviation turbine fuel containing synthesized hydrocarbons, ASTM International, West Conshohocken, Pennsylvania, 2019, www.astm.org)
b Cold flow properties are represented by freezing point as the low-temperature properties and kinetic viscosity at -20 °C as low-temperature fluidity of jet fuel [173]. 
c Thermal stability refers to the amount of the deposit-forming tendency in the engine fuel system at operating conditions and can be assessed using ASTM D3241 with Jet Fuel Thermal Oxidation Tester (JFTOT) procedure (ASTM D3241-19b, Standard test method for thermal oxidation stability of aviation turbine fuels, ASTM International, West Conshohocken, Pennsylvania, 2019, www.astm.org)
d FRL stands for Fuel Readiness Level, an analog to “technology readiness level”, as defined by the Commercial Aviation Alternative Fuels Initiative’s (CAAFI). All FRL presented here are retrieved from [9].
e May stem from non-biogenic carbon (e.g. plastic/rubber incineration, steel mill flue gas)
f Fuel oxidative stability correlates to the fuel resistance to oxidation at moderate temperature (100-160 °C) in the presence of oxygen as described by [173]. 




	










7. Table S2 Aviation biofuel developers and their partnershipsa 
	Aviation biofuel developers
	Location of production plants
	Feedstock
	Technology/ process involved
	Partnerships
	Production capacitya
	References

	Alcohol-based incorporations
	 
	 
	 
	 
	

	LanzaTech
	Asia/Europe/USA (expansion) 
China 
(commercial plant)
	• Industrial off-gases, 
syngas generated from biomass resource, hydrogen from reformed biogas
• Lignocellulosic biomass such as agricultural residues
	• Syngas fermentation to ethanol 
• Upgrading of ethanol processes to ATJ-SPK
• Fractional distillation
	• PNNLb developed a catalytic process for converting ethanol into ATJ-SPK
• First commercial flight by Virgin Atlantic airline from Orlando to London Gatwick with Boeing 747 aircraft in October 2019
• An offtake agreement with ANA, Japan's largest airline in June 2020
	125 million gallons of ATJ-SPK year-1 (expected from UK plants  by 2025 )
	[187–189]

	Gevo
	USA
	• Carbohydrate-rich biomass such as industrial maize
• Lignocellulosic-based biomass such as crop and forestry residues or cellulosic municipal solid waste
	• Pretreatment of lignocellulosic feedstock and to hydrolyze sugars 
• Fermentation to isobutanol using GIFT® (Gevo Integrated Fermentation Technology) 
• Isobutanol upgrading processes to ATJ-SPK
• Fractional distillation
	• A long-term offtake agreement with Delta airline; 10 million gallons/year in December 2019
• Collaboration with Avfuel delivering ATJ-SPK to Bombardier's aircraft facility since November 2019
• Fuel sale agreement with Scandinavian Airline System (SAS) planned in November 2020
• Partnership agreement supplying fuel to Air TOTAL International in September 2019
	8 million gallons year-1 
	[190–193]

	BYOGY Renewables
	USA
	• Sugar- and cellulosic-rich feedstock
	• Pretreatment of feedstock
• Fermentation to ethanol and distillation
• Ethanol upgrading processes via the developed catalytic synthesis technology with molecular adjustment of the fuel to required properties
• Product fractionation into ATJ-SPK and gasoline
	• Partnership with AusAgave Australia to develop production from low-cost sugar feedstock since 2014
• Initiative launched in collaboration with Avianca Brazil in 2014 testing the first full replacement with ATJ-SPK
• Qatar Airway invested in Byogy Renewables;  offtake agreement with Qatar Airway in 2012
	-
	[194,195]

	Fischer-Tropsch (FT) process-based incorporations
	 
	 
	 
	

	Fulcrum BioEnergy
	USA (expansion)
	• Municipal solid wastes (MSW)
	• MSW conversion to syngas with gasification
	• ThermoChem Recovery International, Inc. (TRI) developed a gasification system
	10-60 million gallon year-1 plant-1
	[196]

	
	
	
	• FT process converting gas to liquid hydrocarbons
	• BP and Johnson Matthey (JM) technologies developed for the FT process and needed catalyst
	
	

	
	
	
	• Hydroprocessing refinery process to naphtha, aviation- and diesel fuels
	• Long-term fuel offtake agreement with United Airlines providing 90 million gallons/year
	
	

	Fulcrum BioEnergy
	
	
	
	
	• Offtake agreement with Air BP jet fuel supplies providing 500 million gallons year-1
	
	

	Red Rock Biofuels
	USA
	• Lignocellulosic biomass such as forest and sawmill residues
	• Woody biomass gasification to synthesis gas
• FT process converting gas to liquid hydrocarbon
• Hydroprocessing refinery process to naphtha, aviation and diesel fuels
	
	• Lakeview Project (Oregon): converting wood waste into 15.1 million gallons year-1 of renewable fuel since 2018
• Agreement with FedEx: supplying 7 million gallons year-1 between 2017 and 2024
• Agreement with Southwest Airlines: purchasing 3 million gallons year-1 in 2014 (the first delivery expected in 2016)
	• 15.1 million gallons year-1 of renewable gasoline, aviation and diesel fuels
	[197,198]

	Velocys
	UK
	• Lignocellulosic biomass such as forest residues and household wastes
	• Gasification
• FT process converting gas to liquid hydrocarbon
• Hydroprocessing refinery process to naphtha, aviation and diesel fuels
	
	• Altalto project (due July 2019): Commercial plant in Immingham (UK), in partnership with British Airways and Shell
	• 20 million gallons year-1 of aviation fuel and naphtha in Altato project
	[199,200]

	Hydroprocessed esters and fatty acids (HEFA)-based incorporations
	 
	
	 
	 
	

	Neste
	Finland, the Netherland Singapore (expansion)
	• Oil-based biomass such as animal fat from food processing wastes, vegetable oil residues, inedible tall oil pitch
	• the NEXBTLTM as the hydrotreatment process (HEFA)
	
	• First commercial flight with Lufthansa between Frankfurt and Hamburg in 2011
• Intercontinental flight with Lufthansa airline between Frankfurt and Washington D.C. in 2012
• First commercial flight in collaboration with Air BP in early 2020
• Collaboration with Lufthansa in Frankfurt airport in 2020
• Supply KLM airline additional ATJ-SPK at Amsterdam Airport Schiphol from December 2020
	• 100,000 tonnes SPK year-1 in the US and Europe 
• Expecting over 1 million tonnes SPK by 2022 in Singapore refinery expansion
	[201]

	Honeywell UOP
	USA
	• Oil-based biomass
	• the UOP Renewable jet fuel processTM (HEFA)
	
	• AltAir refinery (both renewable jet- and diesel fuels) started in 2015
• Supply > 1 million gallons HEFA-jet fuels produced for the U.S. military and commercial aviation
	-
	[202]

	World Energy 
	USA (expansion in Paramount, California)
	• Oil-based biomass derived from waste stream food processing
	• the AltAir fuels hydrotreatment process 
	
	• Honeywell UOP developed the process technology

	• Expecting over 300 million gallons of SPK year-1 at the expanded plant
	[203,204]

	World Energy
	
	
	
	
	• Collaboration with United Airlines purchasing up to 10 million gallons over the next two years from May 2020
• A memorandum of understanding between Air France, World Energy, and Shell to be in effect from 1st June 2020
	
	

	SkyNRG
	Netherland
	• Oil-based feedstock derived from waste streams from food processing
	• HEFA technology produced by the World Energy (AltAir fuels)

	
	• Collaboration with Shell aviation and produced SPK by the U.S. World Energy since January 2019
• Europe's first dedicated sustainable aviation fuel production plant launched in November 2019, in collaboration with Shell, as part of the DSL-01 project
• Collaboration with Finnair providing the “Push for change” service allowing customers the choice to fly on SPK since early 2020
• Royal Netherlands Air Force operating with F-16 Fighting Falcons on SPK in January 2019
• First SPK flight of Singapore Airlines (SIA) partnered with the CAASc with an Airbus A350-900 in May 2017
• Air Canada partnered with the CAAFCERd operating with SPK in April 2017
	-
	[105,205,206]

	Aqueous phase reforming (APR)-based incorporation
	 
	
	 
	 
	

	Virent
	USA
	• Sugar-rich feedstock such as maize, sugarcane, sugar beet
• Lignocellulosic-rich feedstock such as wood and agricultural wastes
	• Pretreatment feedstock prior to Virent BioForming® process
• Feedstock conditioning
• APR  of soluble carbohydrates into hydrocarbons
 • Catalytic processes for Virent's  SPK and SKA
	
	• Marathon Petroleum Corporation (MPC) has ambitions, together with BP and Johnson Matthey (JM) on scaling up and commercialize Virent's BioForming technology 
• Demonstration testing of Virent's BioForm® SKA by Rolls-Royce supported by FAAe in 2017
	
	[1,4]

	Catalytic Hydrothermolysis Jet (CHJ) process-based incorporation

	ARA/CLG/
Lummus Global
	USA
	• Oil-based feedstock such as waste fats, oils, and greases
	• Catalytic hydrothermolysis with supercritical water
• Hydrotreating process
• Products fractionation to diesel and aviation fuels

	
	• ReadiJet® alternative fuel test flight powered by 100% unblended SPK in October 2012
• High aromatic ReadiJet® alternative fuel testing program at Rolls-Royce facilities in August 2011
• Feedstock technology for crop improvement by Agrisoma Biosciences
• ARA and Chevron Lummus Global (CLG) developed Biofuels ISOCONVERSION (BIC) process as the novel catalytic hydrothermolysis (CH)
	-
	[66,69]

	Hydrotreated Depolymerized Cellulosic Jet (HDCJ)-based incorporation

	Licella
	Australia
	• Lignocellulosic feedstock such as woody biomass, agricultural residues, energy crops, algae etc. 
• Waste oil and industrial residues
	• Catalytic hydrothermal reactor platform (Cat-HTRTM) as hydrothermal upgrading plants

	
	• First commercial Cat-HRT plant from biomass raw materials with JV and Canfor Pulp in 2021/2022
• Collaboration with Neste using mixed waste plastics for the production of fuels, chemicals, and new plastics in 2018
• The Australian government supported a commercial demonstration plant for the production of bio-crude to be used as a drop-in fuel for the aviation industry in 2011
• A memorandum of understanding (MOU) with Air New Zealand for converting woody biomass into sustainable aviation biofuels was signed in 2011
• Virgin Australia set an aspirational target of sourcing 5% of aviation fuel from sustainable sources from 2020
	
	[184]

	Shell/Biozin Holding AS
	India
Norway
	• Lignocellulosic biomass such as forestry residue, agricultural residue, etc.
	• Catalytic hydropyrolysis
• Hydroconversion
• Products fractionation to gasoline, diesel, and aviation fuels
	
	-
	• 584 tonne yr-1, start-up since 2015 (Demonstration: Shell India)
• Planned in 2022 with the expected production capacity of 96,000 tonne yr-1 (Biocurde is a target product.)
	[174]


Note. a units represented as reported in the original references
b as Pacific Northwest National Laboratory, a U.S. Department of Energy National Laboratory
c as the Civil Aviation Authority of Singapo; re
d as the Civil Aviation Alternate Fuel Contrail and Emission Research; 
e as the Federal Aviation Administration

8. Table S3 Differences and similarities between the FT and methanol synthesis processes for the aviation electrofuel productions
	Parameters
	FT synthesis
	Methanol synthesis
	References

	Differences

	Operating conditions
	HTFT: 310-340 °C
LTFT: 210-260 °C
10-40 bars
	150-300 °C, 10-100 bar 
typical condition at 250-260 °C, 50-60 bar
	[40,207,208] 

	Catalysts
	Fe, Co, Ni, Ru
Fe and Co: commonly used
Co preferred for GtLa FT
	Cu, Zn, Al, Si
Copper-containing catalysts: commonly used such as Cu/ZnO/Al2O3
	[40,208]

	Processes involving
	Polymerization reactions
2H2 + CO → (CH2) + H2O 
(2n+1)H2 + nCO → CnH2n+2 + nH2O 
(2n)H2 + nCO → CnH2n + nH2O 
	2H2 + CO → CH3OH
CO2 + 3H2 → CH3OH + H2O 
CO + H2O → CO2 + H2
	[207,209]

	Output from synthesis processes
	FT syncrude composition depending on the various parameters 
(as mentioned below)
	Methanol (CH3OH)
	[207]

	Kerosene upgrading processes
	Hydrocracking
Oligomerization
Hydrotreater
Aromatization
Alkylation
	Methanol-to-kerosene has not been reported on the commercial scale yet (still in the ongoing project KEROSyN100). 
	[207]

	Requirement
	• Adjustment H2/CO ratio (2.0) avoiding the formation of methane using RWGSb reaction 
(CO2 + H2 → CO + H2O)
• Restriction in the removal of acid gas (NH3, H2S) avoiding catalyst deactivation 
	• H2/CO2 ≥ 3.0 
• H2/CO2 ≥ 4.0 in case of 
a fixed-bed reactor 
	[21,40,208,210]

	Similarities

	• Both synthesis processes are "exothermic reactions".
• Syngas cleanup and conditioning are required. 
• Product yields depend on the catalyst used, reactors, temperatures, pressures, and syngas conditions. 
	[21,40,207,209]


Note. a as Gas-to-Liquid
b as RWGS: Reverse water gas shift reaction
9. Table S4 Average energy demand (AED) for water-splitting hydrogen production technologies
	Technology
	Energy demand (kWh kg H2-1)
	Reference

	
	Min.
	Max.
	Average
	

	1. Electrochemistry
	
	
	
	

	1.1 Water electrolysis
	
	
	
	

	1.1.1 Alkaline
	50.00
	76.40
	61.77
	[73,93,211–213]

	1.1.2 PEM
	45.00
	69.10
	57.63
	[73,211,214,215]

	1.1.3 SOE
	33.30
	42.70
	38.11
	[94,211,214,216,217]

	1.2 Photo-electrolysis
	
	
	2.33
	[218]

	2. Solar-thermochemistry
	102.68
	104.87
	103.78
	[218]


Note. PEM: Proton/polymer exchange membrane; SOE: Solid oxide electrolysis 
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