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1. Detail process description of direct air capture
In the DAC process, oxygen is produced by a deep cold separation process (Hamayun, 2020). It was also assumed that the heat generated by the calcination of CaCO3(s) was used to produce steam to generate electricity in the steam turbine, supplying electricity to the process. The remaining electricity was assumed to be obtained from natural gas, and all CO2 generated in the process was assumed to be recovered by KOH. Therefore, no external CO2 is emitted from the DAC process (Keith et al., 2018).
ASPEN Plus was used to estimate most of the equipment size and costs, some of which were based on the literature (LCS, 2020). Optimal numbers of circulation pumps and pellet reactors, obtained by minimizing capital cost, are used for the air contactor. The optimal number of circulation pumps and pellet reactors was determined to be 20, and the construction costs were calculated accordingly.

2. Detail process description of methanol synthesis
In the methanol synthesis process, the liquid is decompressed to normal pressure and separated into gas and liquid, delivered to a distillation column, and dehydrated to the methanol concentration required for the next process. The unreacted gas is then pressurized with the gas fraction in the distillation column and recycled into the reaction system. 
The catalyst used in the adiabatic reaction was Cu/ZnO-based (Kubota et al., 2001; Melián-Cabrera et al., 2002; Pérez-Fortes et al., 2016; Van-Dal and Bouallou, 2013), as shown in Eq. (5) and Eq. (6), it was assumed to proceed at a temperature of 250 °C and a pressure of 5.0 MPa (Saito et al., 2000). Based on the results of previous bench-scale implementation tests, the mass and energy balances were optimized from the simulations as follows (Kubota et al., 2001; Saito et al., 2000): H2/CO2 ratio 2.86, MeOH selectivity 99.5%, CO2 conversion rate 22.3%, (Eq. (5)), equilibrium constant 1.12 × 10-2 (Eq. (5)) and (Eq. (6)) 2.21 × 10-5.

3. Detail process description of gasoline synthesis
The MTG reactor outlet gas (approximately 410 °C) was used to preheat the recycled gas and methanol in the raw material. The DME reactor was modeled as an equilibrium reactor with Gibbs energy minimization and adiabatic reactions at a pressure of 2.66 MPa. The MTG reaction was modeled by a designated conversion reactor model based on the reactant composition calculated from the flow rates of the components before and after the MTG reactor with reference to the literature (Jones and Shu, 2009). The overall reaction was considered to be adiabatic. Furthermore, initial simulation estimated the amount of Durene in the product at approximately 1% which is lower than the 2–3% reported in the literature (Fujimoto, 1987). Thus, the mass balance was adjusted to 3%, and the generated Durene was treated in a downstream hydrogen isomerization reactor.

4. [bookmark: _Hlk120875721]Detail process description of diesel synthesis by RWGS
 In diesel production by RWGS, the RWGS reactor comprises a multi-tube catalyst fixed-bed type and is integrated with the combustion furnace. The reaction tube is maintained at 800 °C by the by-product gas from the diesel production. The RWGS reactor outlet gas was recovered by a waste heat recovery boiler, cooled by a cooler to separate the condensate, and delivered to the CO2 recovery process. The gas from the RWGS reaction process contained a large amount of unreacted CO2, which was separated, recovered, and recycled. The separation and recovery of CO2 should be carried out using the MEA chemical absorption method, which can absorb CO2 even at low pressures as the target gas has relatively low pressure. Once CO2 has been removed, CO and H2 are discharged from the tower top and delivered to the FT reaction process.

[bookmark: _Hlk120876037]5.  Detail process description of diesel synthesis by co-electrolysis
 In the co-electrolysis using SOEC, carbon dioxide, and steam were simultaneously electrolyzed (co-electrolyzed) at high temperatures to convert them into H2 and CO. The high-temperature co-electrolytic gas is recovered by a waste heat boiler, cooled further, and boosted by a compressor before being fed to the CO2 separation and recovery process after dehumidification. As the exhaust from the co-electrolysis furnace is still hot (800 °C), heat is recovered by a different waste heat boiler, differing from the above method, and the exhaust material is evacuated.
As shown by Riedel et al. (2020), the electrical and thermal energy required for each reaction decreases as the operating temperature increases. When the operating temperature was 800 °C, the electrical-to-thermal energy ratio was approximately 2:1. By utilizing the heat generated from the internal resistance of the cell for the reaction, a higher energy efficiency than that obtained from water electrolysis can be obtained. Eqs. (9-11) are endothermic, and the temperature drop in the reactor is within 50–100 °C owing to the heat generated by the internal resistance. In this study, the inlet temperature was 800 °C, which is thermodynamically and kinetically desirable and suppresses the concomitant occurrence of methanation in thermodynamic equilibrium.
For the operating pressure, two operating modes — low pressure (> 0.3 MPa and high pressure > 5 MPa)— were set considering cell durability, side reactions, voltage and current density, and overall system energy efficiency. In this study, 0.16 MPa was employed to boost H2 gas downstream of the SOEC. Air was used as the sweep gas for oxygen, which was heated to the same temperature (800 °C) and pressure (0.16 MPa) as the cathode, and supplied to the cathode at a boosted pressure.
The H2O/CO2 ratio was calculated based on the equilibrium composition at the reactor outlet, which was obtained by the reverse-shift reaction in Eq. (11), which proceeds rapidly following the electrolytic reactions in Eq. (9) and Eq. (10). Therefore, equilibrium composition was calculated using the equilibrium composition. The conversion rate is not limited by the thermodynamic chemical equilibrium as O2 is continuously separated from the reaction system. The conversion of H2O and CO2 in this study was optimized in correlation with SOEC loading (economics) and downstream synthesis processes. Considering that the synthesis gas in the gas fed to the FT synthesis reactor was approximately 87 vol%, there was no need to separate CO2 during the synthesis of FT.
The gas from co-electrolysis contains a large amount of unreacted CO2, which was separated and recovered for recycling. The separation and recovery of CO2 assume a physical absorption method using dimethyl ethers of polyethylene glycol (DEPG) as a physical solvent (Doctor et al., 1997). After removing CO2, the intermediate products, consisting of mostly CO and H2, are delivered to the FT reaction process. In the FT reactor, the reaction was carried out at a high temperature and pressure to synthesize hydrocarbons (n < 22). The wax portion of the reaction product was cooled, separated from oil and water, heated, and delivered to a hydrocracking reactor. In contrast, the gas that leaves the top of the FT reactor tower is cooled, as unreacted gas and water are separated, heated, and gas-liquid separated. Next, light hydrocarbons are sent to the distillation column, and C5 + hydrocarbons are delivered to the hydrocracking reactor. The unreacted gas at the top of the FT reactor tower was directed to the shift reactor to promote conversion to H2 via the shift reaction shown in Eq. (1); then, H2 is separated by pressure swing adsorption (PSA) for use in the co-electrolysis and FT reactions.

			(1)

The wax produced by the FT reaction was heated and fed to a hydrocracking reactor, where it was converted into lighter hydrocarbons. The hydrocarbons hydrolyzed by the wax are directed to the distillation process, along with the light hydrocarbons separated earlier and separated into naphtha, kerosene, and diesel. The wax at the bottom of the distillation column was recycled into a hydrocracking reactor, decomposing approximately 100% of the wax.
The reaction of the SOEC was simulated by a combination of an equilibrium reactor and a stoichiometric reactor with reference to the literature (Marchese et al., 2020; Zhu et al., 2020). The reduction reactions of H2O and CO2 were simulated in a stoichiometric reactor with conversion rates of 98% and 5%, respectively (Redissi and Bouallou, 2013). The FT synthesis was modeled at a pressure of 2 MPa and a temperature of 230 °C, according to a previous study (Cinti et al., 2016). The yields of hydrocarbons C1–C22 were determined according to the Anderson–Schulz–Flory (ASF) distribution (Eq. (2)), and the conversion of each component was calculated with alpha = 0.91 and CO conversion of 87%. The molar ratio of paraffin (CnH2n + 2) to olefin (CnH2n) was assumed to be 6:4 (that of wax only 8:2). A stoichiometric reactor is used in the model.

						(2)

For the hydrocracking of wax, the pressure was set to 3.5 MPa, and the temperature was controlled at 315 °C by returning the recycled H2 to the reactor. All olefins were converted to paraffin, and wax was subjected to the decomposition reactions of Eq. (3) and Eq. (4), with a wax conversion rate of 89%. The reactor model used was a stoichiometric reactor. The final product from the reactor is a synthetic fuel, including diesel oil. For RWGS and FT processes, the composition of synthetic fuel was diesel, 42%; naphtha, 5%, and kerosene, 53%. For SOEC and FT processes, the composition of synthetic fuel was diesel, 44%; naphtha, 3%, and kerosene, 53%.

						(3)
						(4)

6.  Existing product costs

Table 2-1. Existing products cost Prod_costcurrent (tax) Unit: USD·kg-1.
	
	MeOH (tax)
	Methane (tax)
	Gasoline (tax)
	Diesel fuel (tax)
	Ref.

	Japan
	0.38 (no tax)
	1.28 (0.01)
	1.01 (0.67)
	0.98 (0.38)
	(AFDC, 2022; Australian Taxation Office, 2022; Canada Revenue Agency, 2022; ChemAnalyst, 2022a; Chemnet Tokyo, 2001; IndexBox, 2022a, 2022b; Ministry of the Environment (Japan), 2018; Mitsubishi Gas Chemical Company, Inc., 2021; NNA Japan, 2022; Shin denryoku net, 2022; The Chunichi Shimbun, 2022) 

	Canada
	0.39 (no tax)
	0.24 (0.10)
	1.83 (0.15)
	1.58 (0.17)
	

	Germany
	0.55 (no tax)
	1.48 (0.14)
	1.49 (0.85)
	1.88 (0.57)
	

	U.S.
	0.27 (no tax)
	0.52 (0.10)
	1.44 (0.06)
	1.55 (0.08)
	

	Australia
	0.29 (no tax)
	1.02 (0.12)
	1.14 (0.46)
	1.40 (0.41)
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