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[bookmark: _Toc168396623]Supplementary Table 1. Capital cost inputs for renewable energy and storage by year
	CAPEX
	Solar PV 
	Wind
	H2 Storage
	US-PEM - Bloomberg
	CC
	DAC

	
	ATB, NREL 60
	ATB, NREL 60
	BNEF, 61
	BNEF, 62
	Supplementary Table 4 
	Supplementary Table 4 

	Year
	2022 M USD/MW
	2022 M USD/MW
	2022 USD/kg
	2022 M USD/MW
	2022 USD/t
	2022 USD/t

	2023
	1.17
	1.42
	650
	1.37
	55
	400

	2027
	0.97
	1.20
	650
	0.80
	55
	300

	2030
	0.82
	1.03
	578
	0.52
	55
	200

	2035
	0.78
	0.98
	578
	0.23
	55
	200

	2036
	0.78
	0.98
	578
	0.23
	55
	200

	2040
	0.74
	0.93
	578
	0.16
	55
	150

	2045
	0.71
	0.88
	578
	0.14
	55
	150

	2050
	0.67
	0.83
	578
	0.13
	55
	120
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[bookmark: _Ref153366630][bookmark: _Toc168396624]Supplementary Table 2. Main parameters for IRA incentives11 
	
	2022$
	Term (years)
	Present Value
	Levelized Value 
	Unit

	Renewable Energy Production Tax Credit (45Y):
	25
	10
	$176 
	15.1
	USD/MWh

	Clean Hydrogen Production Tax Credit (45V):
	3
	10
	$21 
	1.8
	USD/kg

	Credit for Carbon Capture (45Q):
	60
	12
	$477 
	40.9
	USD/ton

	Credit for Direct Air Capture (45Q):
	130
	12
	$1,033 
	88.6
	USD/ton
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[bookmark: _Ref167873942][bookmark: _Ref153367109][bookmark: _Toc168396625]Supplementary Table 3. Main parameters for carbon capture (

	
	IEA45
	Zhou et al.7
	BNEF-low21 
	BNEF-high21
	Used*

	
	(2019 USD/ton)
	(2020 USD/ton)
	(2023 USD/ton)
	(2023 USD/ton)
	(2022 USD/ton)

	CC (bioethanol)
	25-35
	
	
	
	

	CC (cement)
	60-120
	
	
	
	

	CC (power plant)
	50-100
	
	
	
	

	CC (point source)
	
	40
	
	
	

	CC 2023 (biogenic US)
	
	
	55
	
	55

	CC 2050 (biogenic US)
	
	
	55
	
	55

	DAC
	
	100-700
	
	
	

	DAC 2023
	
	
	287
	532
	400

	DAC 2030
	
	
	157
	235
	200

	DAC 2040
	
	
	138
	153
	150

	DAC 2050
	
	
	100
	131
	120



* Values used in this study were set within the range of the cited references, either by calculating a mean or selecting a representative value based on discussions with industry experts.
**Implicit values
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[bookmark: _Toc168396626]Supplementary Table 4. Sensitivities of fuel cost (in $/gal) to hydrogen cost for all pathways with biomass at 85 USD/t
	H2 ($/kg)
	BtL
	PBtL
	PtL-CC
	PtL-DAC

	0
	 4.4 
	 1.9 
	 1.1 
	 3.3 

	0.5
	 4.4 
	 2.8 
	 2.5 
	 4.7 

	1
	 4.4 
	 2.9 
	 2.6 
	 4.8 

	1.5
	 4.4 
	 3.4 
	 3.4 
	 5.5 

	2
	 4.4 
	 3.9 
	 4.1 
	 6.3 

	2.5
	 4.4 
	 4.4 
	 4.9 
	 7.1 

	3
	 4.4 
	 4.9 
	 5.6 
	 7.8 

	3.5
	 4.4 
	 5.4 
	 6.4 
	 8.6 

	4
	 4.4 
	 5.9 
	 7.2 
	 9.3 

	4.5
	 4.4 
	 6.4 
	 7.9 
	 10.1 
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[bookmark: _Toc168396627]Supplementary Table 5. Main parameters for e-fuel production costs for Power and Biomass to Liquids pathway.
	Technology
	PBtL

	Reference
	Ostadi et al. 201944
	Dossow et al., 202143
	Albrecht, 201723
	Nielsen et al., 202245
	Isaacs, 202119
	Hillestad et al., 201821
	Habermeyer et al., 202320
	Used*

	Carbon efficiency
	91%
	97%
	98%
	91%
	61%
	91%
	92%
	91%

	Biomass eff (gal fuel/ton)**
	
	
	
	186
	
	
	
	184

	Fischer-Tropsch energy efficiency
	
	49.9%-53%
	51%
	65-75%
	
	
	45%
	

	FT efficiency (gal fuel/kgH2)
	
	1.17
	
	
	
	1.1-0.9
	0.993
	1.00

	FT CAPEX (USD/kWoutput)
	
	
	
	
	
	3,918
	1097
	

	CAPEX (USD/(galfuel/yr))
	
	
	2.2
	
	
	18.0
	5.0
	8.5

	FT output (%jet)
	
	
	
	
	
	
	
	

	OPEX
	
	
	
	
	
	4.5%
	6.6%
	6.0%

	LCA (g/MJ)
	
	
	
	
	4-187
	
	<32.9
	

	$/lt
	
	
	2.2
	
	1.64-1.89
	1.7
	1.3
	

	$/gal
	
	
	8.13
	
	6.2-7.1
	6.43
	4.99
	


[bookmark: _Ref167874052]


[bookmark: _Toc168396628]Supplementary Table 6. Main parameters for e-fuel production costs for Biomass to Liquids pathway.
	Technology
	BtL

	Reference
	S&T Consultants, 201839
	IRENA, 2016
	Dossow et al., 202143
	Albrecht, 201723
	Nielsen et al., 202245
	Isaacs, 202119
	Hillestad et al., 201821
	Cheng et al., 202316
	Used*

	Carbon efficiency
	33.20%
	
	41%
	24.9%
	38%
	23%
	37.8
	
	40%

	Biomass eff (gal fuel/ton) **
	56
	
	73
	
	78
	
	
	72
	73

	Fischer-Tropsch energy efficiency
	38.50%
	
	50%
	36.3%
	53%
	
	
	49.5%
	50%

	FT efficiency (gal fuel/kgH2)
	
	
	
	
	
	
	
	
	

	FT CAPEX (USD/kWoutput)
	3500-5500
	3000-5000
	
	
	
	
	7145
	3826
	

	CAPEX (USD/(galfuel/yr))
	16-25
	13-23
	
	4.3
	
	
	32.8
	17.6
	20.0

	FT output (%jet)
	38%
	
	
	
	
	
	
	82%
	

	OPEX
	
	
	
	
	
	
	
	
	6.0%

	LCA (g/MJ)
	
	
	
	
	
	26-27
	
	11
	

	$/lt
	
	
	
	2.34
	
	0.77-0.82
	2.5
	1.46
	

	$/gal
	
	
	
	8.85
	
	2.9-3.1
	9.45
	5.5
	



[bookmark: _Ref167874059]

[bookmark: _Toc168396629]Supplementary Table 7. Main parameters for e-fuel production costs for Power to Liquids pathways.
	Technology
	PtL (CC/DAC)

	Reference
	Zhou et al., 20227
	Bergero et al., 20229
	Schmidt et al.,201854
	Albrecht, 201723
	BNEF, 202321
	Isaacs, 202119
	de Klerk, 201127
	Cheng et al., 202316
	Brynolf et al., 201733
	Hannula (IEA), 202342
	Used*

	Carbon efficiency
	
	
	
	98%
	
	96%
	
	
	
	
	

	Carbon efficiency ratio (kgCO2/kg H2)
	
	7.1
	
	
	
	
	
	
	
	
	

	Carbon efficiency (kgCO2/galfuel)
	
	9.8
	
	
	
	
	
	
	
	
	10.8

	Fischer-Tropsch energy efficiency
	73%
	80%
	75%
	82.6%
	
	
	
	68%
	63%-83%
	65%-85%
	73%

	FT efficiency (gal fuel/kgH2)
	0.66
	0.72
	
	
	0.75
	
	
	0.61
	
	
	0.66

	FT CAPEX (USD/kWoutput)
	450
	
	
	
	1,469
	
	
	1004
	360-840
	1200
	1004

	CAPEX (USD/(galfuel/yr))
	2.1
	
	
	1.95
	6.7
	
	2-to-4
	4.6
	1.7-3.9
	5.5
	5.5

	FT output (%jet)
	40%
	
	
	
	50%
	
	35%-64%
	82%
	
	75%
	

	OPEX
	
	
	
	
	6%
	
	
	
	
	3.0%
	6.0%

	LCA (g/MJ)
	
	
	
	
	
	2-380
	
	
	
	
	

	$/lt
	2.30
	
	
	2.74
	3.4-4.2
	2.89-3.39
	
	0.78
	2.25
	1.75
	

	$/gal
	8.7
	
	
	10.36
	13-16
	10.9-12.8
	
	2.94
	8.51
	6.6
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[bookmark: _Toc168396630]Supplementary Table 8. US 2030 target horizons: Comparison of least-cost vs. BtL and PBtL pathways
	Near-term horizon
	Least-cost pathway
	BtL Pathway
	PBtL Pathway only
	Units

	Cost below*
	2.77
	4.10
	2.68
	USD/gal

	Potential production**
	 6,009 
	 6,016 
	 6,000 
	Mgal/y

	RE capacity used
	 116 
	 -   
	 104 
	GW

	Electricity used
	 407 
	 -   
	378
	TWh/y

	Wind share
	73%
	 -   
	76%
	

	H2 used
	 6,415 
	 -   
	 6,000 
	Mkg/y

	Average %RE county
	2.4%
	0.0%
	3.4%
	

	Max %RE county
	24%
	 -   
	24%
	

	Biomass use
	 32.3 
	 82.8 
	 32.68 
	MMT/y

	Land use for biomass***
	 2.99 
	 7.67 
	 3.03 
	Mhe 

	Land use for H2****
	 0.22 
	 -   
	 0.18 
	Mhe

	Total land use
	 3.20 
	 7.67 
	 3.21 
	Mhe

	Water use for biomass*****
	 32,541 
	 83,590 
	 32,973 
	Mm3/y

	Water use for H2******
	 57.74 
	 -   
	 54.00 
	Mm3/y

	Total water use
	 32,599 
	 83,590 
	 33,027 
	Mm3/y

	Emissions*******
	 220,795 
	 227,397 
	 14,999 
	MkgCO2e

	Medium-term horizon*******
	Least-cost pathway
	BtL Pathway
	PBtL Pathway only
	Units

	Cost below*
	2.44
	4.61
	2.38
	USD/gal

	Potential production**
	 45,019 
	 45,022 
	 45,020 
	Mgal/y

	RE capacity used
	 1,030 
	 -   
	 974 
	GW

	Electricity used
	 2,957 
	 -   
	1945
	TWh/y

	Wind share
	61%
	 -   
	62%
	

	H2 used
	 45,554 
	 -   
	 28,621 
	Mkg/y

	Average %RE county
	4.2%
	0.0%
	4.6%
	

	Max %RE county
	76%
	 -   
	31%
	

	Biomass use
	 293.8 
	 595.1 
	 245.8 
	MMT/y

	Land use for biomass***
	 27.20 
	 55.10 
	 22.76 
	Mhe 

	Land use for H2****
	 2.29 
	 -   
	 1.45 
	Mhe

	Total land use
	 29.49 
	 55.10 
	 24.21 
	Mhe

	Water use for biomass*****
	 296,431 
	 600,439 
	 248,039 
	Mm3/y

	Water use for H2******
	 409.98 
	 -   
	 257.59 
	Mm3/y

	Total water use
	 296,841 
	 600,439 
	 248,297 
	Mm3/y

	Emissions*******
	 635,446 
	 1,626,597 
	 112,550 
	MkgCO2e



*All figures in 2022 US dollars for projects coming online in 2027.
**Potential e-fuel production required to meet 2030 and 2050 U.S. sustainable aviation fuel (SAF) goals, assuming that e-fuels constitute 50% and 75% of the total jet fuel share, respectively.
***Switchgrass yield of 10.8 .52 
****19 m2/MWh for solar and 0.4 m2/MWh for wind.53
*****1009 m3/ton.51  
******9lt/kgH2 stoichimetrical.
*******CO2e emissions are estimated as 37.8 kgCO2e/gal for BtL, 2.5 kgCO2e/gal for PBtL and 263.2 kgCO2e/gal for PtL using carbon capture from ethanol sources.
*******Near-term and medium-term scenarios in this study are based on biomass data from the 2023 Billion-Ton Report13 and CAPEX cost projections for the years 2027 and 2035 as shown in Supplementary Table 4.
Potential emissions reductions
Using corn stover for biomass, the BtL process results in emissions of approximately 5.6 gCO2/MJ. Highlighting a prospective pathway that encompasses electric transport, tractors, and green ammonia suggests the potential to slash these emissions considerably. This pathway could result in emissions reductions of around 66%, bringing BtL process emissions down to roughly 1.2 gCO2/MJ. 
Compared to BtL, PBtL biomass output increases by a factor of 2.5 and carbon efficiency increases to 91%, which brings down PBtL emissions by a factor of 14, lowering them to 0.4 g CO2/MJ. This suggests that, compared to jet fuel emissions of 85 g/MJ, an emission reduction of over 99.5% is achievable, and 99.9% for forest residue. Data was obtained from the GREET model and its accuracy was ensured by cross-referencing the GREET model aviation module.37 
[bookmark: _Toc168396631]Supplementary Table 9. GHG emissions from BtL and PBtL pathways
	Present Scenario
	Unit
	Corn Stover
	Forest Residue
	Source

	Phosphoric acid (P2O5)
	gCO2e/MJ
	0.4
	-
	GREET

	Potassium oxide
	gCO2e/MJ
	0.7
	-
	GREET

	Nitrogen
	gCO2e/MJ
	1.1
	-
	GREET

	Tractors diesel
	gCO2e/MJ
	2.1
	-
	GREET

	Collection and storage
	gCO2e/MJ
	0.1
	-
	GREET

	Farming/collection
	gCO2e/MJ
	4.5
	0.1
	GREET

	Transport
	gCO2e/MJ
	1.1
	3.4
	GREET

	BtL emissions
	gCO2e/MJ
	5.6
	3.5
	GREET

	PBtL efficiency
	gCO2e/MJ
	-5.2
	-3.2
	

	PBtL emissions
	gCO2e/MJ
	0.4
	0.2
	

	
	
	
	
	

	Future Scenario
	
	
	
	

	BtL Emissions
	gCO2e/MJ
	5.6
	3.5
	GREET

	Electric transport
	gCO2e/MJ
	-1.1
	(3.4)
	Assumptions

	Electric tractors
	gCO2e/MJ
	-2.1
	-
	

	Green ammonia
	gCO2e/MJ
	-1.1
	-
	

	BtL emissions future
	gCO2e/MJ
	1.2
	0.1
	

	PBtL efficiency
	gCO2e/MJ
	(1.15)
	(0.07)
	

	PBtL emissions future
	gCO2e/MJ
	0.09
	0.00
	






[bookmark: _Toc168396632]Supplementary Table 10. Assumptions and results for land, water and electricity use for all pathways
	Assumptions
	Value
	Unit

	Switchgrass yield upland
	8.752
	ton/ha

	Switchgrass yield lowland
	12.952
	ton/ha

	Switchgrass avg yield
	10.852
	ton/ha

	Electricity use per kg of H2
	0.063
	MWh/kgH2

	Land use for wind
	0.453
	m2/MWh

	Land use for solar
	1953
	m2/MWh

	Land use for H2 (Wind)
	0.03
	m2/kgH2

	Land use for H2 (Solar)
	1.20
	m2/kgH2

	US RE potential
	46340050
	TWh/y

	Water per H2 (lt/kg)
	9
	l/kg

	
	
	

	Water Use
	Low
	High
	Used

	gal/year-acre
	20,00051
	617,00051
	61,000

	lt/ton biomass
	330,99651
	10,211,22551
	1,009,538

	Land Use
	Unit
	BtL
	PBtL
	PtL-CC/DAC (Wind)
	PtL-CC/DAC (Solar)

	Biomass use
	gal fuel/ton biomass
	73
	184
	0
	0

	Land use for biomass
	m2/gal
	12.8
	5.0
	0
	0

	Hydrogen use
	gal fuel/kg H2
	0
	1.00
	0.66
	0.66

	Land for H2 production
	m2/gal
	0
	0.03
	0.04
	1.82

	Total land use
	m2/gal
	12.8
	5.1
	0.04
	1.8



	Water Use
	
	BtL
	PBtL
	PtL

	Water for biomass (lt/gal)
	
	13,902
	5,499
	-

	Water per H2 (lt/gal)
	
	
	9
	14

	Total (lt/gal-fuel)
	
	13,902
	5,508
	14

	
	
	
	
	

	Electricity Use for Carbon Capture63
	CC
	DAC
	Units

	Thermal energy
	
	2
	MWh/tCO2

	Electricity
	0.35
	0.5
	MWh/tCO2

	HP thermal (COP=3)
	
	0.67
	MWh/tCO2

	Total electricity
	0.35
	1.17
	MWh/tCO2

	Total electricity
	0.004
	0.013
	MWh/gal fuel



	Electricity Use
	Unit
	BtL
	PBtL
	PtL-CC
	PtL-DAC

	Electricity use for H2
	MWh/gal
	-
	0.063
	0.096
	0.096

	Electricity use for CC/DAC
	MWh/gal
	
	
	0.004
	0.013

	Total electricity
	MWh/gal
	-
	0.063
	0.100
	0.108

	35 bn gallon electricity needs
	TWh/y
	-
	2,756
	4,355
	4,741

	% of US RE potential
	
	0.0%
	0.6%
	0.9%
	1.0%


[image: ]
[bookmark: _Toc168394430]Supplementary Figure 1. Levelized cost of crude fuel production pathways for the year 2027 in the Minnesota 10th percentile location. The waterfall chart illustrates the cost buildup for four production pathways: Biomass-to-Liquid (BtL), Power-and-Biomass-to-Liquid (PBtL), Power-to-Liquid with Carbon Capture (PtL-CC), and Power-to-Liquid with Direct Air Capture (PtL-DAC). Columns represent estimated production costs, including Inflation Reduction Act (IRA) incentives on all studied pathways. We assume that tax credits accrued throughout the supply chain will pass on to final products [12]. The Aviation Fuel Production Tax Credits (40B and 45Z) of 1.75 USD/gal are not considered due to their short timeframe (2023-2027) but their extension could impact these figures significantly. We do not consider potential additional revenues generated from the sale of by-products in either of these pathways, instead focusing on crude fuel production costs to avoid arbitrarities. The resulting e-kerosene can constitute 40% - 80% of the total e-fuel output from this process, with the remainder of the output being heavier or lighter hydrocarbons (e.g., waxes, diesel, and propane).


[bookmark: _Toc168394431]Supplementary Figure 2.. Sensitivities of fuel cost in USD/gal to hydrogen cost for all pathways with biomass at 85 USD/ton. Below a hydrogen price of 2.7 USD/kg, PBtL becomes economic vs BtL; between 1.5-2.7 USD/kg, PBtL produces at the least cost; and below 2 USD/kg, PBtL becomes competitive with fossil jet fuel (at 4 USD/gal). IRA Production Tax Credit incentives for renewable energy, hydrogen, and carbon capture shown in Supplementary Table 3 are considered. 






[bookmark: _Toc168394432]Supplementary Figure 3.. Sensitivity for PBtL pathway calculations to electrolyzer costs at three representative locations: top site, 10th-percentile site, and 50th-percentile site. Percentiles are weighted by production quantities per county.


[bookmark: _Toc168394433]Supplementary Figure 4. Hydrogen output based on wind and solar profiles for a 10th-percentile location in Cottonwood County, Minnesota. The HOOPS model relies on off-grid solar, wind, and storage technologies to ensure a continuous and reliable H2 supply while adhering to an hourly target of ± 5% H2 output levels. 
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% of daily load

Storage Chage/Discharge
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Storage Balance of System (hours)
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