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1. [bookmark: _Toc121766795]Electricity-Based Hydrogen Production Mathematical Approach
This section details the decision variables, constraints, and the objective function used for the electricity-based hydrogen production model.
Decision Variables:
SB - Solar size (capacity of solar farm to build – kW)
EB - Electrolyzer size (capacity of electrolyzer – kW)
TB – Hydrogen storage tank size (kg)
BB – Battery storage size (kWh)
LA - Land required for PV facility (acres)
GB – Grid connection size (kW)
EU – Electricity used each hour of the year (kWh)
EN – Electricity curtailed each hour of the year (kWh)
HUD – Hydrogen used directly from electrolyzer each hour of the year (kg)
HS – Hydrogen put into storage each hour of the year (kg)
HT – Hydrogen taken and used from storage each hour of the year (kg)
HIS – Hydrogen in storage each hour of the year (kg)
ES – Electricity put into storage each hour of the year (kWh)
ET – Electricity taken from storage each hour of the year (kWh)
EIS – Electricity in storage each hour of the year (kWh)
EG – Electricity taken from the grid each hour of the year (kWh)
CA – Annual CO2-equivalent emissions (kg)
WCA – Annual water costs
RE – Electrolyzer ramping (Change in kW between each hour of the year)
RB – Battery storage ramping (Change in kWh stored between each hour of the year)
RT – Hydrogen storage ramping (Change in kg stored between each hour of the year)
Constraints:
Electricity Balance:

where:
· i = each hour of a year
· n = total number of hours in a year
· CFS = solar PV capacity factor each hour of the year in Sacramento
· m = 0 or 1, depending on if a grid connection is considered

Electrolyzer Capacity Constraint:

where:
· CE = energy requirement for hydrogen compression (kWh/kg H2)

Electricity and Hydrogen Energy Balance:

where:
· EE = electricity input requirement for hydrogen production from electrolysis (kWh/kg H2)

Hydrogen Delivery Reliability Constraints:
            with hourly hydrogen delivery constraint
               with daily hydrogen delivery constraint
         with monthly hydrogen delivery constraint
             with yearly hydrogen delivery constraint
with:



where:
· i = each hour per year, n = total hours per year = 8760
· x = each day per year, a = total days per year = 365
· y = each month per year, b = total months per year = 12
· z = each year per year, c = total years per year = 1
· PE = yearly hydrogen production rate for electricity-based production (kg H2 per year)

Grid Connection Capacity Constraints:



Energy Storage Balance:




where:
· ηB = battery storage efficiency
· ηT = hydrogen tank storage efficiency




Energy Storage Capacity Constraints:








Land Area Constraint:


where:
· AS = Land area required per MW of solar PV installed (acres/MW)
Annual Emission Constraint:

where:
· CS = the carbon intensity of upstream solar PV production (kg CO2e / kWh)
· CG = the carbon intensity of the grid in Sacramento each hour of a year (kg CO2e / kWh)
Annual Water Cost Constraint:

where:
· WC = the cost of water ($ / kg H2O)
· WU = the usage rate of water (kg H2O / kg H2 produced)
Ramping Constraints:










Objective Function:
Minimize the levelized cost of hydrogen produced (LCOH= f(x)). LCOH is equivalent to the annualized hydrogen production cost divided by the annual hydrogen production rate:



where:
· CRF = capital recovery factor (% CAPEX/yr)
· SOM = solar PV operation and maintenance cost (% CAPEX/yr)
· SC = solar PV capital cost ($/kW)
· EOM = electrolyzer operation and maintenance cost (% CAPEX/yr)
· EC = electrolyzer capital cost ($/kW)
· TOM = hydrogen storage tank operation and maintenance cost (% CAPEX/yr)
· TC = hydrogen storage tank capital cost ($/kg)
· BOM = battery storage operation and maintenance cost (% CAPEX/yr)
· BC = battery storage capital cost ($/kWh)
· LMP = locational marginal electricity pricing ($/kWh)
· NSCR = net surplus compensation rate ($/kWh)
· DC = grid demand charges ($/max kW/month)
· IC = grid infrastructure charge ($/kW/month)
· FC = fixed grid infrastructure charge ($/month)
· GOM = grid connection operation and maintenance cost (% CAPEX/yr)
· GC = grid connection capital cost ($/kW)
· LC = cost for land lease ($/acre/yr)
· MC = cost for CO2 mitigation ($/kg CO2 mitigated)
· RC1 = small cost incurred due to electrical system ramping ($/change in kWh).
· RC2 = small cost incurred due to hydrogen system ramping ($/change in kg H2)

and:

where:
· WACC = weighted average cost of capital, also known as a discount rate (%)
· t = project life (years)
2. [bookmark: _Toc121766796]Fossil-Based Hydrogen Production Mathematical Approach
This section details the fossil-based hydrogen production computational model input variables and equations. The primary equation being the LCOH from fossil-derived hydrogen production.




and:

where:
· j = the fossil-based production pathway we are exploring
· CR = the capital cost of the reformer ($/kW H2)
· CPC = the capital cost of process CO2 capture ($/kW H2)
· CFC = the capital cost of flue gas CO2 capture ($/kW H2)
· CAS = the capital cost of an air separation unit ($/kW H2)
· FOM = the fixed operating cost of the facility ($/kW/yr H2)
· VOM = the variable operating cost of the facility ($/kW/yr H2)
· F1 = conversion factor from kW to kg H2 per year (263 [kg/yr]/kW)
· NGC = natural gas cost ($/MJ)
· HVNG = the heating value of natural gas (52 MJ/kg)
· ING = natural gas input at the facility (kg CH4/kg H2)
· EP, avg = the average electricity price in Sacramento considering locational marginal pricing and grid use charges ($/kWh)
· IE = electricity input at the facility (kWh/kg H2)
· CCTS = the cost for CO2 transport and storage ($/kg CO2)
· OCC = carbon captured at the facility (kg CO2/kg H2)
· MC = the cost for carbon mitigation ($/kg CO2)
· EF = all facility related and upstream carbon emissions (kg CO2/kg H2)
· ED = direct facility carbon emissions (kg CO2/kg H2)
· CG,avg = the average carbon intensity of the grid in Sacramento (kg CO2e/kWh)
· NGL = the fraction of the natural gas input that leaks during natural gas production and processing (kg CH4 leaked/kg CH4 input)
· GWP = global warming potential of CH4 relative to CO2
· NGP = carbon emission associated with natural gas production and processing (kg CO2/kg CH4)

3. [bookmark: _Toc121766797]Electricity-Based Hydrogen Production Configuration and Data Table
[bookmark: _Hlk121817652]This section contains data tables of the primary inputs used to develop the electricity-based production model results. In addition to next-decade technology, Table S.1 also contains input data for current and mid-century technology assumptions.
[bookmark: _Toc118724306][bookmark: _Toc121817862]Table S.1: Electricity-based hydrogen production model input parameters for current, next decade, and mid-century timeframes. * Next decade values are used to generate model results shown in main text.
	Parameter
	Current Value
	Next Decade Value *
	Mid-Century Value
	Units
	Source

	Hydrogen Supply
	25
	250
	500
	metric ton/day
	Assumed

	Solar PV Capacity Factor (hourly)
	31
	31
	31
	% average
	[1]

	Electrolysis Efficiency
	60
	65
	70
	%
	[2]

	H2 Storage Efficiency
	100
	100
	100
	%
	Assumed

	Battery Storage Efficiency
	80
	85
	90
	%
	[2]

	Hydrogen Energy Content
	33.3
	33.3
	33.3
	kWh/kg
	N/A

	Compression Energy Input
	1.2
	1.2
	1.1
	kWh/kg
	[2]

	Capital Cost of Electrolyzer
	1025
	570
	485
	$/kW (1 MW system)
	[2], [3]

	Capital Cost of Solar Farm
	900
	500
	400
	$/kW (100 MW system)
	[2], [4]

	Capital Cost Grid Connection
	340
	180
	45
	$/kW
	[2]

	Electrolyzer O&M
	7.5
	7.5
	7.5
	%/year CAPEX
	[2]

	Solar O&M
	1
	1
	1
	%/year CAPEX
	[2]

	Grid Connect O&M
	1
	1
	1
	%/year CAPEX
	[2]

	Capital Cost H2 Storage
	830
	500
	200
	$/kg
	[2]

	Capital Cost Elect Storage
	350
	250
	100
	$/kWh
	[2]

	H2 Storage O&M
	1
	1
	1
	%/year CAPEX
	[2]

	Electricity Storage O&M
	1
	1
	1
	%/year CAPEX
	[2]

	Project Life
	25
	25
	25
	years
	[2]

	WACC
	10
	8
	5
	%
	[2]

	Electrolyzer Cost Scaling Factor
	0.95
	0.95
	0.95
	N/A
	Assumed

	Solar PV Cost Scaling Factor
	0.9
	0.9
	0.9
	N/A
	Assumed

	Water Cost
	1
	1
	1
	$/ton
	[2]

	Water Usage
	15
	15
	15
	kg H2O/kg H2
	[5]

	Solar Land Cost
	750
	750
	750
	$/acre/year
	[6]

	Land for Solar Farm
	7.5
	7.5
	7.5
	acres/MW
	[7]

	Grid Compensation Rate
	0.04
	0.01
	0.00
	$/kWh average
	[8]

	Grid Electricity Cost (hourly)
	0.06
	0.06
	0.06
	$/kWh yearly average
	[8]

	Grid Emissions (hourly)
	0.24
	0.12
	0.048
	kg CO2/kWh average
	[9]

	Grid Demand Charge
	1.61
	1.61
	1.61
	$/max kW/month
	[10]

	Site Infrastructure Charge
	4.27
	4.27
	4.27
	$/max kW/month
	[10]

	Fixed Grid Charge
	203.15
	203.15
	203.15
	$/month
	[10]

	Solar PV Lifecycle Emissions
	0.04
	0.04
	0.03
	kg CO2/kWh
	[11]

	DAC Cost
	600
	200
	100
	$/metric ton CO2 captured
	[2]



4. [bookmark: _Toc121766798]Fossil-Based Hydrogen Production Configuration and Data Tables
This section contains data tables of the primary inputs used to develop the fossil-based production model results. In addition to next-decade technology, Table S.3 also contains input data that changes with current and mid-century technology assumptions.
[bookmark: _Toc121817863]Table S.2: Fossil-based hydrogen production model input parameters. (1) Refers to an SMR with process CO2 capture. (2) Refers to an SMR with process and flue gas CO2 capture. (3) Refers to an ATR with process CO2 capture
	Input Parameters
	Production Method
	Units
	Source

	
	SMR
	SMR-CCS (1)
	SMR-CCS (2)
	ATR-CCS (3)
	
	

	Capacity Factor
	90%
	90%
	90%
	90%
	N/A
	 [12]

	CO2 Capture Percent
	0%
	56%
	96%
	95%
	%
	 [12]

	Baseline H2 Production Capacity
	483
	483
	483
	660
	metric ton/day
	 [12]

	Next Decade Production Capacity
	250
	250
	250
	250
	metric ton/day
	N/A

	Plant Life
	30
	30
	30
	30
	years
	[13]

	Electricity Use
	0.65
	1.5
	2.04
	4
	kWh/kg H2 capacity
	 [12]

	Natural Gas Use
	3.53
	3.58
	3.75
	3.52
	kg CH4/kg H2 capacity
	 [12]

	Water Consumption
	16
	19
	24
	24
	kg H2O/kg H2 capacity
	 [12]

	Reformer/Other Capital Cost
	549
	576
	809
	604
	$/kW H2 capacity
	 [12]

	Air Separation Unit Capital Cost
	0
	0
	0
	294
	$/kW H2 capacity
	 [12]

	Process Capture Capital Cost
	0
	158
	61
	158
	$/kW H2 capacity
	 [12]

	Flue Gas Capture Capital Cost
	0
	0
	466
	0
	$/kW H2 capacity
	 [12]

	Fixed O&M
	16
	23
	35
	27
	$/kW per year H2 capacity
	 [12]

	Other Variable O&M
	10
	14
	23
	17
	$/kW per year H2 capacity
	 [12]

	Natural Gas Cost
	10
	10
	10
	10
	$/GJ CH4
	 [14]

	Average Electricity Cost
	0.075
	0.075
	0.075
	0.075
	$/kWh electricity
	 [2], [8], [10]

	Natural Gas Energy Content
	52
	52
	52
	52
	MJ/kg CH4
	 N/A

	Discount Rate (WACC)
	5%
	5%
	5%
	5%
	%
	 [12]

	Cost Scaling Factor
	0.6
	0.6
	0.6
	0.6
	N/A
	 [15]

	Direct CO2 Emissions
	9.3
	4.1
	0.4
	0.5
	kg CO2/kg H2
	 [12]

	CO2 Captured
	0
	5.2
	10.1
	8.6
	kg CO2/kg H2
	 [12]

	Upstream Natural Gas Processing Carbon Intensity
	0.3
	0.3
	0.3
	0.3
	kg CO2/kg CH4
	 [16]

	Grid Carbon Intensity
	0.12
	0.12
	0.12
	0.12
	kg CO2/kWh electricity
	 [9]

	CO2 Transport and Storage Costs
	0
	10
	10
	10
	$/metric ton CO2 captured
	 [17]

	CO2 Mitigation Cost
	200
	200
	200
	200
	$/metric ton CO2 mitigated
	 [2]

	Natural Gas GWP 100
	30
	30
	30
	30
	kg CO2e/kg CH4
	[18]

	Natural Gas GWP 20
	85
	85
	85
	85
	kg CO2e/kg CH4
	[18], [19]



[bookmark: _Toc118724315][bookmark: _Toc121817864]Table S.3: Fossil-based hydrogen production model input parameters that change for current, next decade, and mid-century timeframes
	Parameter
	Current Value
	Next Decade Value
	Mid-Century Value
	Units
	Source

	Hydrogen Supply
	25
	250
	500
	metric ton/day
	Assumed

	Capital Cost Grid Connection
	340
	180
	45
	$/kW
	[2]

	Grid Emissions (hourly)
	0.24
	0.12
	0.048
	kg CO2/kWh average
	[9]

	Natural Gas Processing Emissions
	0.5
	0.3
	0.1
	kg CO2/kWh
	[11]

	DAC Cost
	600
	200
	100
	$/metric ton CO2 captured
	[2]



5. [bookmark: _Toc121766799]Electricity-Based Hydrogen Production Parameter Sensitivity Analysis
This section contains the raw data tables for the electricity-based hydrogen production model sensitivity analysis. Sensitivity results shown in these raw data tables are for the hourly-reliable PV + Storage + Grid hydrogen production scenario.
[bookmark: _Toc118724307][bookmark: _Toc121817865]Table S.4: Baseline next decade, electricity-based LCOH values in $/kg H2. PV+S refers to solar PV and energy storage systems available. PV+S+G refers to solar PV, energy storage, and grid connection available. PV+G refers to solar PV and a grid connection available without energy storage.
	Yearly
	Monthly
	Daily
	Hourly (PV+S)
	Hourly (PV+S+G)
	Hourly (PV+G)

	$2.62
	$5.70
	$6.32
	$6.46
	$3.53
	$4.18



[bookmark: _Toc118724308][bookmark: _Toc121817866]Table S.5: LCOH sensitivities explored for next decade electricity-based hydrogen production. Grid electricity related parameter changes are only explored in the pathway with a grid connection.
	Parameter
	Parameter Change: Lower LCOH
	Parameter Change: Higher LCOH

	Grid Connection Capital Cost
	$45/kW
	$340/kW

	Battery Storage Capital Cost
	$100/kWh
	$350/kWh

	Surplus Compensation Rate
	$0.04/kWh
	$0.00/kWh

	H2 Storage Capital Cost
	$200/kg
	$830/kg

	Project Life
	30 years
	20 years

	Average Annual Electricity Cost
	$0.042/kWh ($0.037/kWh used)
	$0.084/kWh ($0.072/kWh used)

	Solar Life Cycle Emissions
	0.00 kg CO2/kWh
	0.05 kg CO2/kWh

	Electrolyzer Efficiency
	70%
	60%

	Discount Rate (WACC)
	5%
	10%

	Average Annual Grid Carbon Intensity
	0.05 kg CO2/kWh 
(0.05 kg CO2/kWh used)
	0.24 kg CO2/kWh  
(0.25 kg CO2/kWh used)

	Electrolyzer Capital Cost
	$345/kW
	$840/kW

	Solar Capital Cost
	$320/kW
	$950/kW

	CO2 Mitigation Cost
	$100/ton CO2
	$600/ton CO2


 
[bookmark: _Toc118724313][bookmark: _Toc121817867]Table S.6: Hourly reliable (with solar PV, a grid connection, and energy storage) LCOH sensitivity analysis with next decade technology
	Parameter
	Lower LCOH
	Higher LCOH

	Grid Connection Capital Cost
	$3.58
	$3.58

	Battery Storage Capital Cost
	$3.51
	$3.51

	Surplus Compensation Rate
	$3.38
	$3.48

	H2 Storage Capital Cost
	$3.47
	$3.57

	Project Life
	$3.46
	$3.75

	Average Annual Electricity Cost
	$3.38
	$3.81

	Solar Life Cycle Emissions
	$3.14
	$3.62

	Electrolyzer Efficiency
	$3.28
	$3.79

	Discount Rate (WACC)
	$3.34
	$3.85

	Average Annual Grid Carbon Intensity
	$3.27
	$3.85

	Electrolyzer Capital Cost
	$3.36
	$4.22

	Solar Capital Cost
	$3.35
	$4.44

	CO2 Mitigation Cost
	$3.18
	$4.88


6. [bookmark: _Toc121766800][bookmark: _Toc118724316]Fossil-Based Hydrogen Production Parameter Sensitivity Analysis
This section contains the raw data tables for the fossil-based hydrogen production model sensitivity analysis. Sensitivity results shown in these raw data tables are for the ATR-CSS hydrogen production scenario.
[bookmark: _Toc121817868]Table S.7: Baseline next decade, fossil-based LCOH values in $/kg H2. (1) Refers to SMR with process CO2 capture. (2) Refers to SMR with process and flue gas CO2 capture. (3) Refers to ATR with process CO2 capture. Baseline LCOH values assume GWP20 and 1.5% natural gas leakage.
	SMR
	SMR-CCS (1)
	SMR-CCS (2)
	ATR-CCS (3)

	$5.06
	$4.30
	$4.08
	$3.99



[bookmark: _Toc118724317][bookmark: _Toc121817869]Table S.8: LCOH sensitivities explored for next decade fossil-based hydrogen production
	Parameter
	Parameter Change: Lower LCOH
	Parameter Change: Higher LCOH

	CO2 Transport and Storage Cost
	$10/ton CO2
	$20/ton CO2

	Economies of Scale Factor
	0.8
	0.6

	Plant Life
	40 years
	20 years

	Average Grid Carbon Intensity
	0.05 kg CO2/kWh
	0.24 kg CO2/kWh

	Average Grid Electricity Cost
	$0.045/kWh
	$0.09/kWh

	Natural Gas Processing Emissions
	0.1 kg CO2/kg CH4
	0.5 kg CO2/kg CH4

	Discount Rate (WACC)
	4%
	10%

	GWP Timeframe
	100-year
	20-year

	Facility Size
	500 ton/day
	25 ton/day

	Natural Gas Price
	$4.74/GJ ($5/MMBTU)
	$11.37/GJ ($12/MMBTU)

	Natural Gas Leakage Rate (GWP20)
	0%
	4%

	CO2 Mitigation Cost
	$100/ton CO2
	$600/ton CO2


[bookmark: _Toc118724321]
[bookmark: _Toc121817870]Table S.9: Hourly reliable (ATR with process CO2 capture) LCOH sensitivity analysis with next decade technology
	Parameter
	Lower LCOH
	Higher LCOH

	CO2 Transport and Storage Cost
	$3.99
	$4.07

	Economies of Scale Factor
	$3.89
	$3.99

	Plant Life
	$3.95
	$4.08

	Average Grid Carbon Intensity
	$3.93
	$4.08

	Average Grid Electricity Cost
	$3.93
	$4.10

	Natural Gas Processing Emissions
	$3.85
	$4.13

	Discount Rate (WACC)
	$3.95
	$4.24

	GWP Timeframe
	$3.41
	$3.99

	Facility Size
	$3.86
	$4.80

	Natural Gas Price
	$3.12
	$4.34

	Natural Gas Leakage Rate (GWP20)
	$3.09
	$5.48

	CO2 Mitigation Cost
	$3.34
	$6.60



7. [bookmark: _Toc121766801]Next-Decade LCOH Input Parameter Sample Distributions for Error Bar Analysis
The raw data table in this section contains details on the distributions chosen for each input parameter. Monte Carlo simulation is performed using the information in this raw data table to generate the errors bars in main text figures. For most input parameters, triangular distributions are chosen with lower and upper bounds of the distributions set as the current and mid-century technology options. Notably, we consider a trinomial distribution for the expected temporal LMP pricing over a year. We consider one solution where LMPs are constant each hour of the year, one case where the LMPs are the same as in 2020 (base case), and one case where LMPs are even higher at night and lower during the day than in 2020.

[bookmark: _Toc118724342][bookmark: _Toc121817871]Table S.10: Summary data table containing sample distributions for each input parameter. These distributions are used to generate error bars on next-decade LCOH figures through Monte Carlo simulation.
	Parameters
	Distribution Type
	Low Value
	High Value
	Base Value
	Units

	Electricity-Based H2
	Electrolyzer Efficiency
	Triangular
	60
	70
	65
	%

	
	Electrolyzer Capital Cost
	Triangular
	340
	840
	420
	$/kW

	
	Solar Capital Cost
	Triangular
	320
	950
	420
	$/kW

	
	H2 Storage Capital Cost
	Triangular
	200
	830
	500
	$/kg

	
	Battery Storage Capital Cost
	Triangular
	100
	350
	250
	$/kWh

	
	Solar Land Cost
	Triangular
	500
	1250
	750
	$/acre/yr

	
	Project Life
	Triangular
	20
	30
	25
	yrs

	
	WACC
	Triangular
	5
	10
	8
	%

	
	Solar Life Cycle Emissions
	Triangular
	0
	0.05
	0.04
	kg CO2/kWh

	
	Surplus Compensation Rate
	Uniform
	0
	0.04
	N/A
	$/kWh

	Fossil-Based H2
	Plant Life
	Triangular
	20
	40
	30
	Years

	
	WACC
	Triangular
	4
	10
	5
	%

	
	Economies of Scale Factor
	Triangular
	0.6
	0.8
	0.6
	N/A

	
	Natural Gas GWP
	Binomial
	30
	85
	N/A
	kg CO2e/kg CH4

	
	Natural Gas Leakage Rate
	Uniform
	0
	4
	N/A
	%

	
	Natural Gas Processing Emissions
	Triangular
	0.1
	0.5
	0.3
	kg CO2/kg CH4

	
	Natural Gas Price
	Uniform
	5
	12
	N/A
	$/GJ

	
	CO2 Transport and Storage Cost
	Triangular
	10
	20
	10
	$/metric ton CO2

	Electricity- and Fossil-Based H2
	Average Annual Grid Electricity Cost
	Triangular
	0.045
	0.09
	0.06
	$/kWh average

	
	Temporal Grid Electricity Cost
	Trinomial
	Increased Variable LMPs
	Constant
LMPs
	Current
LMPs
	$/kWh each hour

	
	Grid Connection Capital Cost
	Triangular
	45
	340
	180
	$/kW

	
	Grid Site Charges
	Triangular
	4.27
	4.27
	8.54
	$/max kW/month

	
	Demand Charges
	Triangular
	1.61
	1.61
	3.22
	$/max kW/month

	
	Grid Carbon Intensity
	Triangular
	0.05
	0.24
	0.12
	kg CO2/kWh average

	
	Carbon Mitigation Cost
	Triangular
	100
	600
	200
	$/metric ton CO2



8. [bookmark: _Toc121766802]Next Decade Technology Hydrogen Production Pathway Emissions and LCOH Figures
This section includes figures of the life-cycle emissions for each hydrogen production pathway explored in this study scenarios. It also includes a detailed cost breakdown figure of each hourly-reliable fossil-based production pathway explored since it was not included in the main text.
[image: ]
[bookmark: _Toc118724322][bookmark: _Toc121817872]Figure S.1: Next decade life cycle emissions of solar PV based hydrogen production under various levels of reliability.                * Indicated an hourly-reliable production pathway that has a grid connection for added reliability

[image: ]
[bookmark: _Toc118724324][bookmark: _Toc121817873]Figure S.2: Next decade life-cycle emissions of various fossil-based hydrogen production pathways
[image: Chart, bar chart
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[bookmark: _Toc121817874]Figure S.3: Levelized cost of hourly-reliable net-zero hydrogen produced from fossil-based pathways. Pathways include SMR, SMR-CCS with process CO2 capture (1), SMR-CCS with process and flue gas CO2 capture (2), and ATR-CCS with process CO2 capture (3)
9. [bookmark: _Toc121766803]Next Decade Technology, Electricity-Based Hydrogen Production Pathway Operations Figures
This section contains figures detailing electricity usage and curtailment for the electricity-based hydrogen production pathways. It also contains figures that show how hydrogen storage is utilized for each of these pathways.
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[bookmark: _Toc118724325][bookmark: _Toc121817875]Figure S.4: Next decade fractional electricity usage versus curtailment for various levels of hydrogen production reliability pathways 
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[bookmark: _Toc118724326][bookmark: _Toc121817876]Figure S.5: Next decade fractional electricity usage versus curtailment for hourly production reliability pathways
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[bookmark: _Toc118724327][bookmark: _Toc121817877]Figure S.6: Next decade fractional hydrogen delivery for various levels of hydrogen production reliability pathways 
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[bookmark: _Toc118724328][bookmark: _Toc121817878]Figure S.7: Next decade fractional hydrogen delivery for hourly production reliability pathways
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Description automatically generated with medium confidence]
[bookmark: _Toc118724329][bookmark: _Toc121817879]Figure S.8: Daily fractional electricity usage versus curtailment for yearly reliable solar PV hydrogen production pathway
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[bookmark: _Toc118724330][bookmark: _Toc121817880]Figure S.9: Daily fractional electricity usage versus curtailment for hourly reliable solar PV and storage hydrogen production pathway
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[bookmark: _Toc118724331][bookmark: _Toc121817881]Figure S.10: Daily fractional electricity usage versus curtailment for hourly reliable solar PV, storage, and grid connected hydrogen production pathway
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[bookmark: _Toc118724332][bookmark: _Toc121817882]Figure S.11: Daily fractional hydrogen delivery for hourly reliable solar PV and storage hydrogen production pathway
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[bookmark: _Toc118724333][bookmark: _Toc121817883]Figure S.12: Daily fractional hydrogen delivery for hourly reliable solar PV, storage, and grid connected hydrogen production pathway
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[bookmark: _Toc118724334][bookmark: _Toc121817884]Figure S.13: Hourly electricity usage versus curtailment for yearly reliable solar PV hydrogen production pathway for a week in the month of May
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[bookmark: _Toc118724335][bookmark: _Toc121817885]Figure S.14: Hourly electricity usage versus curtailment for hourly reliable solar PV and storage hydrogen production pathway for a week in the month of May
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[bookmark: _Toc118724336][bookmark: _Toc121817886]Figure S.15: Hourly electricity usage versus curtailment for hourly reliable solar PV, storage, and grid connected hydrogen production pathway for a week in the month of May
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[bookmark: _Toc118724337][bookmark: _Toc121817887]Figure S.16: Hourly hydrogen delivery for yearly reliable solar PV hydrogen production for a week in the month of May
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[bookmark: _Toc118724338][bookmark: _Toc121817888]Figure S.17: Hourly hydrogen delivery for hourly reliable solar PV and storage hydrogen production pathway for a week in the month of May
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[bookmark: _Toc118724339][bookmark: _Toc121817889]Figure S.18: Hourly hydrogen delivery for hourly reliable solar PV, storage, and grid connected hydrogen production pathway for a week in the month of May
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[bookmark: _Toc118724340][bookmark: _Toc121817890]Figure S.19: Hourly hydrogen storage for hourly reliable solar PV and storage hydrogen production pathway for a week in the month of May
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[bookmark: _Toc118724341][bookmark: _Toc121817891]Figure S.20: Hourly hydrogen storage for hourly reliable solar PV, storage, and grid connected hydrogen production pathway for a week in the month of May
10. [bookmark: _Toc121766804]Current and Mid-Century LCOH Figures
This section contains summary figures for the LCOH using current and mid-century technology input assumptions instead of next decade technology assumptions. We find that all hourly-reliable, net-zero hydrogen production costs fall significantly by mid-century in comparison to current costs.
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[bookmark: _Toc118724349][bookmark: _Toc121817892]Figure S.21: Hourly reliable, net-zero hydrogen production cost comparison between electricity-based and fossil-based production pathways assuming current technologies and Sacramento, California facility location
[image: ]
[bookmark: _Toc118724356][bookmark: _Toc121817893]Figure S.22: Hourly reliable, net-zero hydrogen production cost comparison between electricity-based and fossil-based production pathways assuming mid-century technology projections and Sacramento, California facility location
11. [bookmark: _Toc121766805]Inflation Reduction Act Raw Data Tables
This section contains raw data results of the Inflation Reduction Act impact analysis discussed in the main text. The first table (Table S.11) in this section details total life-cycle emissions and LCOH (excluding net-zero emission constraint) of each hourly-reliable hydrogen production pathway explored under various emissions scenario and assuming next-decade technology. The second table (Table S.12) in this section is the same as Table S.11 but with a current technology assumption.

[bookmark: _Toc121817894]Table S.11: (a) Total life-cycle emissions for each hydrogen production pathway considered, under various emission scenarios and considering next-decade technology (in kg CO2e / kg H2 produced). The corresponding 45V PTC achievable given life-cycle emissions is shown in parenthesis. (b) Total LCOH (in $/kg H2 produced) for each hourly-reliable hydrogen production pathway considered, under various emission scenarios. The LCOH values that are highlighted red consider 45V and are valid for the first 10 years of project operation as defined in the IRA. LCOH values highlighted blue consider 45Q and are valid for the first 12 years of project operation. All other LCOH values are not highlighted because the production pathway does not qualify for 45V or 45Q.
	A. 
Scenario Emissions          (kg CO2e/kg H2 produced)
	Electricity-Based
	Fossil-Based

	
	PV + Storage
	PV + Storage + Grid
	SMR
	SMR-CCS (1)
	SMR-CCS (2)
	ATR-CCS (3)

	No Upstream PV Emissions or Natural Gas Leakage
	0 ($3/kg)
	1.71 ($0.75/kg)
	10.44
(N/A)
	5.35
(N/A)
	1.77
($0.75/kg)
	2.04
($0.75/kg)

	No Natural Gas Leakage
	5.63
(N/A)
	3.60
($0.60/kg)
	10.44
(N/A)
	5.35
(N/A)
	1.77
($0.75/kg)
	2.04
($0.75/kg)

	GWP100, 1.5% Natural Gas Leakage
	5.63
(N/A)
	3.60
($0.60/kg)
	12.03
(N/A)
	6.95
(N/A)
	3.46
($0.60/kg)
	3.62
($0.60/kg)

	GWP20, 1.5% Natural Gas Leakage
	5.63
(N/A)
	3.60
($0.60/kg)
	14.94
(N/A)
	9.89
(N/A)
	6.55
(N/A)
	6.52
(N/A)

	GWP100, 4% Natural Gas Leakage
	5.63
(N/A)
	3.60
($0.60/kg)
	14.67
(N/A)
	9.62
(N/A)
	6.27
(N/A)
	6.26
(N/A)

	GWP20, 4% Natural Gas Leakage
	5.63
(N/A)
	3.60
($0.60/kg)
	22.44
(N/A)
	17.45
(N/A)
	14.52
(N/A)
	14.00
(N/A)

	B.
Scenario LCOH with Tax Credits ($/kg H2) *
	Electricity-Based
	Fossil-Based

	
	PV + Storage
	PV + Storage + Grid
	SMR
	SMR-CCS (1)
	SMR-CCS (2)
	ATR-CCS (3)

	No Upstream PV Emissions or Natural Gas Leakage
	$2.33
	$2.06
	$2.08
	$1.88
	$1.91
	$1.93

	No Natural Gas Leakage
	$5.33
	$2.21
	$2.08
	$1.88
	$1.91
	$1.93

	GWP100, 1.5% Natural Gas Leakage
	$5.33
	$2.21
	$2.08
	$1.88
	$1.91
	$1.95

	GWP20, 1.5% Natural Gas Leakage
	$5.33
	$2.21
	$2.08
	$1.88
	$1.91
	$1.95

	GWP100, 4% Natural Gas Leakage
	$5.33
	$2.21
	$2.08
	$1.88
	$1.91
	$1.95

	GWP20, 4% Natural Gas Leakage
	$5.33
	$2.21
	$2.08
	$1.88
	$1.91
	$1.95



[bookmark: _Toc121817895]Table S.12: (a) Total life-cycle emissions for each hydrogen production pathway considered, under various emission scenarios and considering current technology (in kg CO2e / kg H2 produced). The corresponding 45V PTC achievable given life-cycle emissions is shown in parenthesis. (b) Total LCOH (in $/kg H2 produced) for each hourly-reliable hydrogen production pathway considered, under various emission scenarios. The LCOH values that are highlighted red consider 45V and are valid for the first 10 years of project operation as defined in the IRA. LCOH values highlighted blue consider 45Q and are valid for the first 12 years of project operation. All other LCOH values are not highlighted because the production pathway does not qualify for 45V or 45Q.
	A. 
Scenario Emissions          (kg CO2e/kg H2 produced)
	Electricity-Based
	Fossil-Based

	
	PV + Storage
	PV + Storage + Grid
	SMR
	SMR-CCS (1)
	SMR-CCS (2)
	ATR-CCS (3)

	No Upstream PV Emissions or Natural Gas Leakage
	0
($3/kg)
	3.31
($0.60/kg)
	11.22
(N/A)
	6.24
(N/A)
	2.76
($0.60/kg)
	3.22
($0.60/kg)

	No Natural Gas Leakage
	4.51
(N/A)
	5.34
(N/A)
	11.22
(N/A)
	6.24
(N/A)
	2.76
($0.60/kg)
	3.22
($0.60/kg)

	GWP100, 1.5% Natural Gas Leakage
	4.51
(N/A)

	5.34
(N/A)
	12.81
(N/A)
	7.84
(N/A)
	4.45
(N/A)
	4.80
(N/A)

	GWP20, 1.5% Natural Gas Leakage
	4.51
(N/A)
	5.34
(N/A)
	15.72
(N/A)
	10.78
(N/A)
	7.55
(N/A)
	7.71
(N/A)

	GWP100, 4% Natural Gas Leakage
	4.51
(N/A)
	5.34
(N/A)
	15.46
(N/A)
	10.51
(N/A)
	7.26
(N/A)
	7.44
(N/A)

	GWP20, 4% Natural Gas Leakage
	4.51
(N/A)
	5.34
(N/A)
	23.22
(N/A)
	18.34
(N/A)
	15.51
(N/A)
	15.19
(N/A)

	B.
Scenario LCOH with Tax Credits ($/kg H2) *
	Electricity-Based
	Fossil-Based

	
	PV + Storage
	PV + Storage + Grid
	SMR
	SMR-CCS (1)
	SMR-CCS (2)
	ATR-CCS (3)

	No Upstream PV Emissions or Natural Gas Leakage
	$10.59
	$4.74
	$2.46
	$2.42
	$2.83
	$2.77

	No Natural Gas Leakage
	$13.59
	$5.34
	$2.46
	$2.42
	$2.83
	$2.77

	GWP100, 1.5% Natural Gas Leakage
	$13.59
	$5.34
	$2.46
	$2.42
	$2.83
	$2.77

	GWP20, 1.5% Natural Gas Leakage
	$13.59
	$5.34
	$2.46
	$2.42
	$2.83
	$2.77

	GWP100, 4% Natural Gas Leakage
	$13.59
	$5.34
	$2.46
	$2.42
	$2.83
	$2.77

	GWP20, 4% Natural Gas Leakage
	$13.59
	$5.34
	$2.46
	$2.42
	$2.83
	$2.77
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