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S1. Hydrogen and renewable electricity modelling
S1.1 Renewable electricity potential and spatial data processing
A Geographical Information System (GIS) framework was developed to generate spatially resolved input data for the quantitative analysis. The availability of wind and solar energy was assessed by integrating raster-based datasets representing renewable resource potentials.
For solar energy, photovoltaic yield data (PVOUT), defined as the electricity output per installed kilowatt-peak capacity (kWh/kWp/day), were obtained from the 1. For wind energy, capacity factor (CF) data for IEC Class 1 turbines were derived from the 2. These datasets provide spatially explicit information on renewable resource availability based on long-term meteorological observations.
The raster datasets were converted into vector-based grid maps with a spatial resolution of 0.1° × 0.1°. Each grid cell represents the average value of all raster pixels contained within its boundaries.
To ensure realistic deployment conditions, areas unsuitable for renewable energy generation, such as urban areas, water bodies, protected areas, and sealed surfaces, were excluded using land-use data derived from OpenStreetMap (OSM). The remaining available area per grid cell is used to determine the installable renewable generation capacity.
Solar capacity factors are calculated as:

Wind capacity factors are directly obtained from the dataset:

S1.2 Cost calculation framework
The techno-economic calculations follow the framework proposed by 3, which combines capital cost annualization with energy production estimates to derive levelized costs.
The capital recovery factor (CRF) is calculated as:

Annual energy production (AEP) is defined as:

The levelized cost of electricity (LCOE) is calculated as:

S1.3 Electricity cost assumptions
Future PV CAPEX developments are modeled using a one-factor learning curve:

with:

A learning rate of 18.72% is applied based on 4, which was explicitly developed for renewable electricity technologies. All techno-economic assumptions fir both solar and wind electricity costs are summarized in Table S1 and Table S2.
Table S1 Solar PV assumptions
	Parameter
	2025
	2030
	2040
	2050
	Unit
	Source

	CAPEX
	665
	551
	479
	439
	€/kW
	4,5

	Fixed OPEX
	1.5
	1.5
	1.5
	1.5
	% CAPEX/a
	6,5

	Variable OPEX
	0
	0
	0
	0
	€/kWh
	6,5

	Lifetime
	30
	30
	30
	30
	years
	6,5

	Interest rate
	3.0
	3.0
	3.0
	3.0
	%
	6,5



Table S2 Wind assumptions (IEC Class 1)
	Parameter
	2025
	2030
	2040
	2050
	Unit
	Source

	CAPEX
	1034
	988
	840
	782
	€/kW
	7

	Fixed OPEX
	21.2
	20.0
	18.8
	18.0
	€/kW/a
	7

	Variable OPEX
	0.008
	0.008
	0.008
	0.008
	€/kWh
	5

	Lifetime
	25
	25
	25
	25
	years
	5

	Interest rate
	3.5
	3.5
	3.5
	3.5
	%
	5



S1.4 Hydrogen production modelling
Hydrogen production is modeled via electrolysis using renewable electricity from either solar PV or wind.
According to 8, the electricity demand per kilogram of hydrogen is:

Annual hydrogen production per kW:

The levelized cost of hydrogen (LCOH) is calculated as:


S1.5 Electrolyser assumptions
Table S3 Electrolyser assumptions
	Parameter
	2025
	2030
	2040
	2050
	Unit
	Source

	CAPEX
	787.5
	625
	537.5
	450
	€/kW
	9,10,11

	Efficiency
	65
	70
	75
	80
	%
	9,10

	Electricity demand
	51.23
	47.57
	44.40
	41.63
	kWh/kg H₂
	Own calculations

	Stack lifetime
	40,000
	60,000
	100,000
	140,000
	h
	9

	Stack replacement
	20
	18
	15
	12
	% CAPEX
	Assumption

	Fixed OPEX
	6.25
	5.5
	5.0
	4.5
	% CAPEX/a
	12

	Lifetime
	25
	25
	25
	25
	years
	9

	Interest rate
	7.0
	7.0
	7.0
	7.0
	%
	9

	Water cost
	0.03
	0.03
	0.03
	0.03
	€/kg H₂
	Abdelshafy et al. (2024)



S1.5 Output variables
The model generates the following spatially resolved output variables for each grid cell and year:
Table S4 Variable description with unit.
	Output variable
	Description
	Unit

	
	Solar PV capacity factor
	–

	
	Wind capacity factor
	–

	
	Solar PV electricity cost
	€/MWh

	
	Wind electricity cost
	€/MWh

	
	Hydrogen cost using PV electricity
	€/kg H₂

	
	Hydrogen cost using wind electricity
	€/kg H₂

	
	Least-cost electricity technology
	PV / Wind

	
	Least-cost hydrogen technology
	PV / Wind

	
	Annual hydrogen production
	t H₂/year



S1.6 Model validation
The calculated country-level hydrogen production costs were validated against the Global Hydrogen Cost Tool developed by 13. For each country, the median LCOH value of all 0.1° × 0.1° grid cells was determined from our spatial model. These values were compared with the country-specific LCOH reported in the reference dataset for the baseline scenario and low-temperature electrolysis. The resulting country-level comparison for 2025, 2030, 2040, and 2050 is provided in Table S4.
Table S5 Comparison of model-derived median country-level LCOH in €/kg H2 values with minimum country-level LCOH values reported by 13.
	
	2025
	2030
	2040
	2050

	Country
	Our model
	Validation
	MEA (%)
	Our model
	Validation
	MEA (%)
	Our model
	Validation
	MEA (%)
	Our model
	Validation
	MEA (%)

	Austria
	4,89
	5,11
	-4,39
	3,54
	4,27
	-16,93
	2,71
	3,41
	-20,66
	2,29
	2,73
	-16,21

	Belarus
	4,19
	6,19
	-32,25
	3,33
	5,20
	-35,98
	2,65
	4,15
	-36,14
	2,30
	3,32
	-30,70

	Belgium
	3,31
	3,77
	-12,25
	2,63
	3,37
	-21,99
	2,10
	2,85
	-26,42
	1,83
	2,45
	-25,31

	Bulgaria
	4,56
	4,69
	-2,58
	3,26
	3,91
	-16,48
	2,48
	3,13
	-20,81
	2,08
	2,50
	-17,02

	Croatia
	4,85
	4,97
	-2,48
	3,46
	4,15
	-16,61
	2,62
	3,31
	-20,97
	2,20
	2,65
	-17,24

	Denmark
	2,57
	3,00
	-14,34
	2,04
	2,65
	-23,09
	1,63
	2,24
	-27,16
	1,43
	1,92
	-25,39

	Estonia
	3,70
	3,84
	-3,58
	2,94
	3,40
	-13,72
	2,34
	2,88
	-18,54
	2,04
	2,46
	-17,17

	Finland
	4,31
	4,72
	-8,57
	3,43
	4,21
	-18,60
	2,72
	3,37
	-19,08
	2,37
	2,69
	-12,19

	France
	4,12
	2,83
	45,72
	3,08
	2,52
	22,20
	2,39
	2,13
	12,32
	2,06
	1,83
	12,77

	Germany
	3,94
	3,49
	12,90
	3,12
	3,12
	0,06
	2,49
	2,64
	-5,79
	2,16
	2,27
	-4,75

	Greece
	4,15
	3,31
	25,62
	2,97
	2,75
	8,09
	2,25
	2,20
	2,37
	1,89
	1,76
	7,32

	Hungary
	4,80
	5,01
	-4,22
	3,47
	4,19
	-17,06
	2,63
	3,35
	-21,25
	2,21
	2,68
	-17,46

	Ireland
	2,48
	3,89
	-36,30
	1,97
	3,44
	-42,73
	1,58
	2,91
	-45,70
	1,38
	2,45
	-43,62

	Italy
	4,34
	3,47
	25,09
	3,10
	2,88
	7,67
	2,36
	2,31
	2,04
	1,98
	1,85
	6,96

	Moldova
	4,07
	5,84
	-30,31
	3,23
	4,91
	-34,25
	2,56
	3,92
	-34,56
	2,18
	3,13
	-30,37

	Netherlands
	2,88
	2,86
	0,69
	2,29
	2,55
	-10,01
	1,83
	2,15
	-14,94
	1,60
	1,84
	-13,24

	Norway
	3,64
	2,71
	34,45
	2,89
	2,42
	19,55
	2,30
	2,04
	12,70
	2,00
	1,75
	14,24

	Poland
	3,77
	3,57
	5,74
	2,99
	3,20
	-6,35
	2,39
	2,70
	-11,81
	2,08
	2,33
	-10,82

	Portugal
	3,88
	3,51
	10,47
	2,78
	2,92
	-4,63
	2,11
	2,34
	-9,46
	1,78
	1,87
	-4,89

	Romania
	4,78
	4,88
	-2,14
	3,44
	4,08
	-15,69
	2,61
	3,26
	-19,79
	2,19
	2,61
	-15,89

	Slovakia
	5,08
	5,23
	-2,88
	3,65
	4,36
	-16,31
	2,77
	3,49
	-20,54
	2,33
	2,79
	-16,63

	Slovenia
	4,97
	4,84
	2,69
	3,55
	4,04
	-12,10
	2,69
	3,23
	-16,68
	2,25
	2,58
	-12,76

	Spain
	3,79
	3,25
	16,39
	2,72
	2,70
	0,59
	2,06
	2,16
	-4,59
	1,73
	1,73
	0,16

	Sweden
	4,03
	3,52
	14,25
	3,20
	3,15
	1,47
	2,55
	2,66
	-4,48
	2,21
	2,29
	-3,39

	Switzerland
	4,96
	5,15
	-3,66
	3,55
	4,30
	-17,30
	2,69
	3,43
	-21,56
	2,27
	2,75
	-17,48

	Ukraine
	3,69
	5,39
	-31,58
	2,93
	4,79
	-38,90
	2,33
	3,82
	-38,92
	2,03
	3,06
	-33,58

	United Kingdom
	2,70
	3,71
	-27,22
	2,15
	3,31
	-35,10
	1,72
	2,80
	-38,66
	1,50
	2,40
	-37,42



S2. Producer price index
Table S6 Producer price index in Germany from 2000 to 2025
	Producer Price Index (Germany) 
	14

	Jahr
	PPI

	2000
	69.9

	2001
	72

	2002
	71.5

	2003
	72.8

	2004
	73.9

	2005
	77.2

	2006
	81.4

	2007
	82.4

	2008
	86.9

	2009
	83.3

	2010
	84.6

	2011
	89

	2012
	90.4

	2013
	90.4

	2014
	89.5

	2015
	87.9

	2016
	86.4

	2017
	88.8

	2018
	91.1

	2019
	92.1

	2020
	91.2

	2021
	100

	2022
	129.8

	2023
	130.1

	2024
	127.7

	2025
	126.2



S3. Carbon Capture and Storage
Table S7 Techno-economic assumptions for CCS
	
	CO2 avoindance cost [€/tCO2]
	Source

	CO2 capture and conditioning
	52.31
	15,16

	CO2 transport via pipeline
	0.01-0.02/km
	17

	CO2 storage
	18.8
	16



S4. Substitution of fossil carbon sources with biochar
Table S8  Lower heating value (LHV) of different biochars, coke and hard coal
	
	Lower heating value (MJ/kg)
	Sources

	Eucalyptus-based biochar
	25.7
	18

	Poplar-based biochar
	25.41
	19

	Coke
	28
	20

	Hard coal
	29
	20





Table S9  Process-specific substitution ratios of biochar for fossil carbon sources (coke and hard coal) applied in this study
	
	Coke
	Hard coal

	Sintering
	50%
	-

	Pelletizing
	-
	50%

	Coke production
	-
	5%

	Blast furnace (BF)
	0%
	100%

	Electric arc furnace (EAF)
	-
	100%
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