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Supplementary Note 1

In the “Fit for 55 package”, the European Union has updated the Renewable Energy Directive Il with a
delegated act®. This act outlines requirements for additionality and temporal and geographic correlation
for electricity used in hydrogen and derived fuels production. This ensures that increased electricity
demand for hydrogen production does not lead to a rise in fossil fuel-based electricity generation, nor
does it compromise the electricity system’s operational efficiency. The additionality principle
emphasizes the need for hydrogen production to be powered by new electricity generation capacity
rather than relying on existing renewable sources. Temporal correlation seeks to align the timing of
electricity use for hydrogen production with periods of renewable electricity generation. Lastly,
renewable electricity sources and hydrogen production plants should be located near each other, thereby

minimizing transmission distances and potential grid congestion?3,



Supplementary Note 2

There is no unique dataset listing the European ammonia plants. The main ammonia producers in
Europe are Yara, Fertiberia, BASF, and Borealis. From their websites, the main production sites in
Europe were located. Furthermore, production sites were compared with the list provided by the
European Commission* and the association Fertilizer Europe®. Lastly, since not all ammonia producers
indicate in which ammonia plant hydrogen is synthesized, locations were also compared with the list of
the major steam methane reforming (SMR) hydrogen generation units provided by the (Fuel Cell
Hydrogen Observatory) FCHQ®. Therefore, it is possible to affirm that most of the current major
European ammonia plants are included in the dataset, which gives a realistic image of the industry.
Once more updated datasets are available, eventual missing ammonia plants can be easily included in

the model.



Supplementary Note 3

The carbon dioxide equivalent (COe) emissions associated with manufacturing utility-scale
photovoltaic (PV) panels and wind turbines have been collected from Nugent and Sovacool’. The
authors report an average emission intensity of 50 kilograms (kg) COze per megawatt hour (MWh) for
solar PV and 35 kg CO.e/MWh for wind energy. By applying global average capacity factors, the
emission content per MW installed capacity is 787 tons CO.e/MW for solar PV and 1,345 tons
CO2e/MW for wind turbines. Similarly, data from Gerloff indicates that the emission content for large-
scale electrolyzers is 133 tons CO-e/MW installed®. Furthermore, Palmer et al. provide the emissions
from large-scale hydrogen storage tanks, which amount to 0.182 tons COe per kilogram of hydrogen
capacity®. This emission factor is also applicable to large-scale hydrogen compressors when measured

per kilogram of hydrogen compressed per hour.



Supplementary Note 4

The installation cost 7, is equal to the cost of the technology ¢, multiplied by the installed capacity P,

(equation 1).

Li=ci(Py) (1)

Operation and maintenance (O&M) v;, are presented as a fraction of the installation cost.



Supplementary Note 5
PV and WT installations

The hourly power generation, Vg, , from photovoltaics (PV) and wind turbines (WT) results from

(equation 2).
Ve k=M, (©r)Piy ¥ k€K )

Where K is the set of renewable energy technologies {PV, WT}; ’7kRi5 the transmission efficiency of

solar PV and WT; wg , is the time-dependent capacity factor of solar and wind energy (R€ {solar, wind})

and Py, is the installed capacity of PV and WT.

Li-ion batteries

The amount of renewable electricity stored in a Battery Energy Storage System (BESS) at a given hour

t, denoted as Sg  ,, is determined by the following process:

Firstly, the energy remaining from the previous hour Sg 5 ,; is reduced by the energy lost through the
batteries' self-discharge over time, quantified as the self-discharge rate Ag4,. To this adjusted value, the
amount of electricity fed into the BESS during hour ¢ Uy 3, is added, with the quantity modified by the
battery's charging efficiency »3. Finally, the energy dispensed from the BESS during the same hour

Ve g, Is subtracted, which is scaled by the discharging efficiency ndB (equation 3).
ViB.:
Sep,=(U-A4)SEp -1z Ue s - %, Vie(l, .., T} (3)

The amount of electricity entering the BESS and the hourly maximum output of the BESS are
constrained by the minimum number of time intervals for full charge, z° and discharge, =% (equation 4)
and (equation 5) while the quantity stored at time ¢ is constrained by the maximum installed capacity

Py (equation 6).

P
OSUE,B,ts?B, VIELD, .., T} (4)



Py

=V tE{, ..., T} (5)

0 gVE,B,t =

0<Sgp,<bgPp VtEN, .., T} (6)

Electrolyzers

We set a minimum constraint for the installed capacity of the electrolyzer, denoted as PEL,min. This
minimum capacity is established to ensure a 100% capacity factor, indicating that the electrolyzer

operates continuously without any periods of downtime (equation 7).
Pr1min <PpL < Ppi max (7

PEL,min results from (equation 8), where 7, .. ;; the electrolyzer conversion efficiency.

PEL,min:p(DI}iIHS)r/HZ,E,EL (8)
The model optimizes the hourly hydrogen output of the electrolyzer, Vy, g, by considering the

conversion efficiency of the electrolyzer, 5. ,,, ; ,» which is multiplied by the input electricity during

the corresponding hour, Ug gy ,, according to (equation 9).

VH2,EL,z:’7E,H2,EL(UE,EL,z)» vitefD, ..., T} 9)

Hydrogen compressor and high-pressure storage tanks

The model optimizes the hourly input electricity, Ugcp, and output hydrogen of the compressor,

Vin.cp, as follow (equation 10):

VHZ,CP,t:”E,Hz’Cp(UE,CP,t)a Vite{o, ..., T} (10)



Where the conversion efficiency of the electrolyzer is 7, ,, - Notably, we assume no hydrogen losses

during the compressor phase (equation 11).

Um.cp=Vi.cpV tE1{0, ..., T} (11)

Once compressed, the output hydrogen of the compressor, Vi cp ., directly becomes the input hydrogen

of the storage tanks, Uy, st (equation 12).

Ump.st=Vi.cpsV tE{0, ..., T} (12)

At each time step ¢, the amount of stored hydrogen (in kilograms), Sy st is determined by adding the
previously stored hydrogen, Sy s7,.;, to the incoming hydrogen from the compressor, Uy, st and
subtracting the hydrogen that exits the storage tanks, ¥y, st for use in the ammonia synloop (equation

13). No self-discharge losses are considered for hydrogen storage!®*t,

St 5T ~Sm2,sT-1 U st Vinst VE € {1, ..., T} (13)



Supplementary Note 6

Local algorithms were tested first to set a baseline and subsequently search for other extrema with more
explorative global algorithms. In some cases, for narrow or less complex problems, local algorithms
may outperform global one®. These last are well-developed algorithms that are preferable in most of
the problems®34,

The first local algorithm selected was Nelder-Mead. This is a standard and widely used direct algorithm
for a multi-dimensional nonlinear minimization problem. It is also defined as a "pattern search
optimization algorithm" where the function's gradient is not known®>*’, Is it necessary to provide a
starting point for the algorithm that can be a random point from the domain region or the results of
previous optimization if a hybrid approach is chosen?®. The selected initial coordinates were verisimilar
estimates based on pre-existing knowledge about the hydrogen energy system. Multiple trials with those
coordinates led to the same results (difference <10® among tests), showing that the result can be
considered a global optimum candidate. However, when repeating the test with random coordinates
within the bounds, the results were less accurate and subject to higher variability (Supplementary Table
12). 1t is possible to conclude that although Nelder-Mead is a good candidate algorithm, prior
knowledge of the approximate expected solution is needed to approach the optimum.

The second test was conducted with L-BFGS-B, one of the most used algorithms for numerical
optimization. L-BFGS-B is a limited-memory quasi-Newton second-order local algorithm for solving
large nonlinear optimization problems!#!41’, The same tests conducted for Nelder-Mead (same initial
coordinates and set of regions) were performed for L-BFGS-B. Although Nelder-Mead and L-BFGS-B
are different algorithms belonging to different sub-categories of algorithms (the first is a "direct
algorithm" while the second is a ""second-order algorithm™), the results were similar (in most cases <0.01
% differences) and consistent across the tests conducted. Similarly to Nelder-Mead, random initial

coordinates tend to result in lower accuracy (higher LCOH) (Supplementary Table 12).

Finally, global algorithms were tested, starting with population algorithms. These are nature-inspired
"population-based metaheuristic search algorithms" that iteratively improve candidate solutions on an
evolutionary process to optimize an optimization problem?8, Population algorithms such as genetic
algorithms (GA) and differential evolution (DE) are generally used for global search. Both are usually
implemented in case of more challenging multimodal and noisy functions where other methods cannot
find a good solution'?'41°, However, one of the drawbacks is the high computational cost compared to

the previously described local methods.

DE was the global search algorithm tested. Like genetic and other evolutionary algorithms, DE starts

with an initial population of candidate solutions. Then, these are iteratively improved by introducing



mutations into the population, retaining the fittest candidate solutions (the one with lower objective
function value, in this case, LCOH)*. Compared to other evolutionary algorithms, the benefit of using
DE is that can work with nonlinear and non-differentiable multi-dimensional objective functions while
requiring very few control parameters'”°. In addition, it is easy and practical to use and presents good
convergence properties (consistent convergence to the global minimum in consecutive independent

trials'®).

In DE, three key hyperparameters can be tuned to improve the chances of finding a global minimum:
(i) population size, (ii) mutation (dithering), (iii) recombination values®. This widens the search radius
but slows the convergence of the algorithm. The DE algorithm was initialized with the default
hyperparameters, and several optimizations were performed for each region with consistent results.
Those results were in line with the ones of local algorithms, although slightly less accurate in most cases
(Supplementary Table 8). Subsequently, the effect of a change in population size was studied, testing
how higher and lower populations would perform and how long the algorithm took to converge. Results

show no significant benefit in terms of higher accuracy when increasing population size.

From the tests conducted, the following was observed: (i) both local and global algorithms converged
to the some LCOH (< 0.1% difference) although the coordinates may differ by higher percentages; (ii)
higher population size significantly increased computational time but did not directly translate in higher
accuracy (lower LCOH); (iii) when re-testing the same DE's hyperparameters consistent results were
obtained, and (iv) local algorithms performed better only when verisimilar initial coordinates were
given (Supplementary Table 12). Since both local and global approaches resulted in approximately the
same LCOH, it was possible to affirm that the results approach global minima for all the regions under

assessment.

10



Supplementary Note 7

The electrolyzer system can be divided into two main components: stack and balance of plant (BoP).
The stack is the core of the electrolyzer system, where electrochemical reactions occur. BoP comprises
several subsystems (e.g., power supply, cooling pumps, oxygen separator tanks, rectifiers, etc.). While
it is expected a relatively small reduction in the unit cost of the BoP (most of the components are already
widely used in other applications), a significant and major reduction in the stack component is expected
with economies of scale and major technological improvements?:. The rate at which the unit cost of the

stack component will decrease also depends on the type of electrolyzer.

11



Supplementary Note 8

Concerning the modifications necessary for transitioning an ammonia plant to electrolytic hydrogen
production, it is necessary to replace the existing start-up heater with a new electric model ahead of the
ammonia converter. Additionally, to accommodate flexible operation, supplementary electric heaters
must be installed. In case of low-load operation, such as when the ammonia converter produces an
inadequate amount of steam, steam generators will be required. The financial implication of these
upgrades is estimated to be around 5-10% of the expense associated with constructing a new ammaonia

loop, equating to roughly 20 million euro (EUR)?.

The operational lifespan of a steam methane reforming (SMR) system typically ranges from 25 to 30
years. However, the average ammonia plant has been operational for 15 years on averageZ.
Consequently, when considering replacing SMR with an electrolytic hydrogen production system
(EHPS), it is necessary to factor in the sunk costs associated with the early decommissioning of the
SMR system. The initial cost of an SMR infrastructure is around 50 million EUR?*. If decommissioned
at the halfway mark of its lifespan, the undepreciated value—which represents the sunk cost—would
be approximately 25 million EUR. This figure can be partially mitigated by the potential scrap value,
which is estimated to be 10% of the original cost, equating to 5 million EUR. Therefore, after accounting
for the scrap value, the net sunk cost incurred would amount to 20 million EUR?.

12



Supplementary Note 9

P=P_* 4P (14)

where P, = Price electricity at time t; P, ;= Price electricity at time t-1; 4P = Stochastic process
representing the change in electricity price. It is the geometric Brownian motion (GBM) with drift

parameter x and volatility parameter o.

The equation follows:
2
AP=exp w— t+ oZ, (15)

where Z, = is a standard Brownian motion. The GBM model assumes a normal distribution of
logarithmic returns and constant volatility, which simplifies the complexities of real-world financial
markets where actual price returns may not follow a normal distribution and volatility can be dynamic.
However, the robustness analysis and inclusion of pessimistic and optimistic scenarios compensate for
these simplifications by evaluating a wide array of electricity price data across different regions. This
approach has confirmed that the key conclusions of the study are consistent, even when considering

variations in electricity costs and their potential volatility.

13
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Supplementary Figure 1 | Hydrogen supply capacity by process (%6). Authors' elaboration based on
data taken from®. Steam methane reforming (SMR) is a mature production process that uses methane
(CH,) to produce hydrogen and is currently the most diffused, especially in Europe. The reaction of
natural gas and high-temperature steam produces carbon monoxide and hydrogen, while a second

reaction—water gas shift (WGS)— produces additional hydrogen and carbon dioxide.
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Supplementary Figure 2 | Mean electrolytic hydrogen production system (EHPS) total investment
cost (capital expenditures (CAPEX) and operating expenditures (OPEX)) in euro (EUR) across
European ammonia plants and under different emission caps. a total cost in EUR. b breakdown of
relative cost contributions by cost item. The primary cost drivers are grid electricity import, CAPEX
for the electrolyzer, and CAPEX for wind turbines and photovoltaic systems.
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Supplementary Figure 3 | Correlation between the price of imported grid electricity in euro per
megawatt hour (EUR/MWh) and the levelized cost of hydrogen (LCOH) in euro per kilogram of
hydrogen (EUR/kg Hy) across European plants. a no-cap. b 0.1-cap. The correlation between grid
electricity price and LCOH demonstrates a positive trend (coefficient of determination or Rz = 0.55)
under less stringent emission caps, which diminishes with stricter caps, leading to no significant

correlation (R2 = 0.01) under the 0.1 emission cap.
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Supplementary Figure 5 | National carbon emission reduction. Trend in the carbon intensity of grid
electricity used in this work based on JRC-COM-NEEFE (National and European Emission Factors for
Electricity Consumption) historical data?® and the European Environment Agency (EEA) projections?.
Results under the no-cap and the reference case.
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Supplementary Figure 7 | Average lifecycle emissions (including scope 1, scope 2, partial scope 3
upstream emissions and technology manufacturing) of electrolytic hydrogen in Europe in
kilograms carbon dioxide equivalent per kilogram of hydrogen (kg COe/kg H2). When including
emissions from producing photovoltaics (PV), wind turbines (WT), electrolyzers, compressors, and
hydrogen storage tanks, there is an increase of 1.3 kg COze/kg H: in the carbon content of hydrogen
under the no-cap scenario, culminating in a lifecycle carbon content of 3.1 kg CO.e/kg H.. Conversely,
under the 0-cap scenario, these emissions could rise by an average of 3.0 kg CO.e/kg H>. Including
emissions from the manufacturing of renewable installations increase on average 1.19 kg COe/kg H:
under the no-cap scenario (56% from WT and 44% from PV) and rise to 2.76 kg CO.e/kg H, under the
0-cap scenario when larger over-capacities are required (67% for WT and 33% for PV).
Notwithstanding this addition, there would still be an approximate 75% reduction in emissions
compared to steam methane reforming (SMR) technology, even without factoring in the manufacturing

emissions for SMR.
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Supplementary Figure 9 | Heuristic optimization model description. En_total represents the
combined energy output from solar photovoltaic (PV) panels and wind turbines. En_plant indicates the
hourly energy demand necessary to produce 7.5 tons of hydrogen. Free_capacity_batteries denotes the
unused and available capacity of the batteries for energy storage at any given time.
H2_storage potential questions whether there is sufficient capacity within the electrolyzers,
compressors, and storage tanks to convert excess energy into hydrogen, followed by compression and

storage. Lastly, En_grid refers to the energy that is supplied from the electrical grid to the system.
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Supplementary Figure 10 | Electrolyzer system cost development (in euro per megawatt or
EUR/MW) in pessimistic, reference, and optimistic cases. Authors' elaboration based on data
collected from?’. The International Energy Agency (IEA) provides the techno-economic characteristics
of different electrolyzer technologies for 2019 and projections for 2030 and 2050.
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Supplementary Figure 12 | Utility-scale Li-ion batteries system cost projections (in euro per
megawatt hour or EUR/MWHh) in pessimistic, reference, and optimistic cases. Authors' elaboration
based on data collected from National Renewable Energy Laboratory (NREL)?. System cost
projections as a total system overnight capital cost expressed in units of EUR/MWHh. Optimistic,
reference, and pessimistic projections are based on the low, median, and higher values collected by
NREL from cost projections published in 2019 or later. According to NREL, by 2030, system costs will
decrease by 58%, 42%, and 28% in the low, mid, and high cases respectively, and by 2050 decrease by
75%, 57%, and 28%, respectively, compared to 2020.
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Supplementary Figure 13 | Cost projection hydrogen compressor (up to 900 bar) in euro per
kilogram of hydrogen compressed per hour (EUR/kg H/h). Authors' elaboration based on data

collected from®-®!, Costs associated with utility-scale dedicated hydrogen compressors are expected to

decrease by approximately 30% from the year 2015 to 2050.
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Supplementary Figure 15 | European regions clustered based on their solar and wind capacity
factor. Pink dots indicate the location of existing European ammonia plants, pinpointed using data from
Yara, Fertiberia, BASF, and Borealis websites, verified against European Commission® and Fertilizer
Europe® databases, with additional steam methane reforming (SMR) hydrogen production sites cross-
checked from FCHO® (see Supplementary Note 2). Geospatial data for the NUTS-0 (Nomenclature of
Territorial Units for Statistics) and NUTS-2 European regions were obtained in the form of shapefiles

from Eurostat, the statistical office of the European Union**

28



Total % of land Curr_e nt Curr_er_lt Renewa_mble Mean Mean
. NUTS-2 land available (at electrlcny EIeCt“C't.y potential capacity | capacity
Country name Region name code area country Consumpt'lon Consumption (TWh) factor factor Note
(km?) level) (TWF:) (national (TWh) (NUTS-2 (NUTS-2 solar wind
evel) level) level)
Austria Upper Austria AT31 11982 35% 64 18 18.9 12% 21%
Belgium Antwerp BE21 2876 53% 87 15 35 12% 24%
Belgium Hainaut BE32 3813 53% 87 10 5.4 12% 23%
Bulgaria Severoiztochen BG33 14487 42% 39 5 49.3 15% 23%
Bulgaria Yugoiztochen BG42 22365 42% 39 8 23.3 16% 14%
Switzerland Lake Geneva region CHO1 8719 42% 60 12 13% 30%
Czech Republic Severozapad Cz04 8649 43% 66 7 8.9 11% 15%
Germany Disseldorf DEA1 5290 45% 493 50 9.8 12% 22%
Germany Rheinhessen-Pfalz DEB3 6852 45% 493 12 8.3 12% 15%
Germany Sachsen-Anhalt DEEO 20452 45% 493 13 48.0 12% 20%
Germany Schleswig-Holstein DEFO 15763 45% 493 16 30.3 12% 34%
Greece Fastern Macedoniaand | gis1 | 14158 46% 51 3 37.2 16% | 27%
Spain Aragon ES24 47720 43% 253 7 85.2 18% 24%
Spain Castilla-La Mancha ES42 79463 43% 253 11 85.2 19% 19%
Spain Andalusia ES61 87268 43% 253 43 85.2 20% 22%
France Tle de France FR10 12012 41% 476 86 25.6 13% 22%
2 ammonia
France Upper Normandy FRD2 12317 41% 476 13 29.6 12% 32% plants in
this region
France Alsace FRF1 8280 41% 476 14 10.2 13% 19%
Capacity
factors not
Croatia Panonska Hrvatska HRO2 N/A N/A N/A N/A N/A NA | A | St
included in
the analysis
Hungary K&zép-Dunantl HU21 11237 52% 43 5 14.2 15% 21%
Hungary Eszak-Magyarorszag HU31 13428 52% 43 6 36.5 15% 12%
Italy Emilia-Romagna ITH5 22446 45% 291 21 110.9 16% 13%
Lithuania xﬁ‘df,‘gs‘;egﬁ';ﬁg LT02 55539 41% 12 8 45 11% 29%
Netherlands Zeeland NL34 2934 44% 114 2 2.9 12% 38%
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Netherlands Limburg NL42 2148 44% 114 7 2.9 12% 20%
Norway Sgr-@stlandet NOO03 35610 3% 128 22 10% 43%
Poland Matopolskie PL21 15108 46% 168 15 16.2 12% 17%
Poland Zachodniopomorskie PL42 22892 46% 168 7 42.8 12% 29%
Poland Opolskie PL52 9413 46% 168 13 19.2 13% 26%
Poland Kujawsko-Pomorskie PL61 17969 46% 168 9 43.8 12% 28%
Poland Lubelskie PL81 25155 46% 168 9 62.2 12% 24%
Romania Centru RO12 34082 45% 60 6 35.7 14% 10%

2 ammonia

Romania Macroregiunea trei RO31 34489 45% 60 12 106.8 14% 17% plants in

this region
Slovakia Zépadné Slovensko SK02 14992 40% 30 9 414 14% 19%
United Kingdom Tees Valley and Durham UKC1 3516 60% 306 11 49 10% 33%
United Kingdom Cheshire UKD6 2343 60% 306 4 4.0 11% 32%
United Kingdom East Ei'g(':g?nzﬂ?rg‘o”h UKE1L 9438 60% 306 4 12.4 11% 37%

Supplementary Table 1 | Major European ammonia plants’ location and national/regional characteristics. The percentage of land available is derived
from the Food and Agriculture Organization of the United Nations (FAOSTAT)® using the methodology described by Gabrielli et al.*%; Current electricity

consumption and renewable potential from Kakoulaki et al.,*”; Capacity factors from European Meteorological derived High resolution RES generation time

series (EMHIRES) datasets®° at NUTS-2 (Nomenclature of Territorial Units for Statistics) level. Land area measured in square kilometers (km?) and electricity

demand in terawatt hours (TWh).
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Name

Market

System boundary

Emission cap (kg
COze/kg Hy)

Source

UK Low Carbon Hydrogen Standard / UK Low

Organisation)

. . tAo 41
Carbon Hydrogen Certificate Scheme United Kingdom Well-to-gate 2.4
Renewable Transportation Fuel Obligation United Kingdom Well-to-point of delivery 4 42
EU Taxonomy European Union Well-to-gate 2
Renewable Energy Directive Il European Union Well-to-wheel 34 !
Low-carbon fuel standard California (United Well-to-wheel 1.3-14.1 43
States)
Clean Hydrogen Production Tax Credit United States Well-to-gate 045-4 4
Clean Hydrogen Investment Tax Credit Canada Well-to-gate 0.75-4 4
France Ordinance No. 2021-167 France Well-to-gate including manufacturing of 3.38 4
technologies
Clean Hydrogen and Renewa_ble Hydrogen (China China Well-to-gate 49_145 47
Hydrogen Alliance)
CertifHy European Union Well-to-gate 4.4 48
Green Hydrogen Standard (Green Hydrogen International Well-to-gate 03_1 9

Supplementary Table 2 | Existing and planned regulatory frameworks and certifications for hydrogen, ammonia, and hydrogen-based fuels. Adapted

from?%, Emission caps measured in terms of kilogram of carbon dioxide equivalents per kilogram of hydrogen (kg CO.e/kg Ho).
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Emission

caps no-cap 3-cap 1-cap 0.5-cap 0.1-cap 0-cap

o @ 2 o @ 2 o @ 2 o @ 2 o @ B o @ Q
cCses | E| 5| E|E| S| E|E| 5| E|E| 8| E|E| 5| E|E| 8| E

S|le| 8 5|8 |8 8|8 |8 85| 2|8 8|28 5 &8
AT31 274 | 407 | 6.25 | 2.74 | 407 | 625 | 2.75 | 408 | 6.26 | 290 | 417 | 642 | 3.16 | 447 | 6.92 | 3.60 | 486 | 7.27
BE21 230 | 443 | 766 | 230 | 443 | 766 | 2.76 | 456 | 766 | 3.19 | 473 | 766 | 3.82 | 5.16 | 766 | 489 | 6.36 | 8.95
BE32 223 | 427 | 734 | 223 | 427 | 7.34 | 256 | 432 | 7.34 | 292 | 444 | 7.34 | 351 | 482 | 7.34 | 463 | 6.07 | 8.66
BG33 257 | 395 | 6.39 | 257 | 395 | 6.39 | 259 | 3.95 | 6.39 | 2.64 | 3.95 | 6.39 | 293 | 415 | 6.46 | 3.32 | 460 | 7.07
BG42 282 | 436 | 6.95 | 282 | 436 | 6.95 | 284 | 436 | 6.95 | 291 | 436 | 6.95 | 3.11 | 440 | 695 | 343 | 478 | 745
CHo1 2.33 | 380 | 593 | 2.33 | 3.80 | 593 | 2.33 | 3.80 | 5,93 | 2.33 | 3.80 | 593 | 251 | 3.80 | 593 | 2.98 | 4.09 | 6.12
Cz04 180 | 340 | 6.23 | 250 | 3.99 | 6.74 | 3.19 | 469 | 755 | 3.47 | 495 | 7.83 | 408 | 547 | 821 | 500 | 6.64 | 9.70
DEAl 346 | 476 | 7.00 | 3.46 | 476 | 7.00 | 346 | 476 | 7.00 | 3.46 | 476 | 7.00 | 3.66 | 483 | 7.00 | 422 | 554 | 7.89
DEB3 3.65 | 5.03 | 7.57 | 3.65 | 5.03 | 7.57 | 3.65 | 5.03 | 7.57 | 3.65 | 5.03 | 7.57 | 404 | 537 | 7.86 | 552 | 7.34 | 10.39
DEEO 3.74 | 516 | 7.75 | 3.74 | 516 | 7.75 | 3.74 | 516 | 7.75 | 3.74 | 516 | 7.75 | 399 | 531 | 7.78 | 457 | 6.06 | 8.78
DEFO 263 | 3.63 | 542 | 263 | 3.63 | 542 | 263 | 3.63 | 542 | 263 | 3.63 | 542 | 265 | 3.64 | 547 | 6.21 | 829 | 11.71
EL51 198 | 348 | 563 | 198 | 348 | 5.63 | 227 | 350 | 563 | 242 | 356 | 5.63 | 268 | 3.76 | 5.63 | 2.85 | 3.81 | 5.67
ES24 163 | 312 | 562 | 163 | 3.12 | 562 | 1.85 | 3.18 | 562 | 214 | 3.33 | 5.62 | 249 | 359 | 569 | 3.47 | 509 | 850
ES42 162 | 3.26 | 589 | 1.62 | 3.26 | 589 | 1.97 | 3.37 | 589 | 2.23 | 349 | 589 | 252 | 3.69 | 591 | 2.79 | 3.88 | 5.97
ES61 162 | 3.21 | 552 | 1.62 | 321 | 552 | 195 | 3.28 | 552 | 2.20 | 3.38 | 552 | 253 | 3.60 | 554 | 3.78 | 512 | 7.34
FR10 288 | 461 | 749 | 288 | 461 | 749 | 288 | 461 | 749 | 288 | 461 | 749 | 3.09 | 461 | 749 | 494 | 7.16 | 10.84
FRD2 250 | 391 | 6.21 | 250 | 391 | 6.21 | 250 | 391 | 6.21 | 250 | 391 | 6.21 | 263 | 3.91 | 6.21 | 3.17 | 432 | 6.61
FRF1 295 | 475 | 7.68 | 295 | 475 | 7.68 | 295 | 475 | 7.68 | 296 | 475 | 7.68 | 3.17 | 475 | 7.68 | 6.82 | 10.24 | 15.66
HU21 167 | 312 | 599 | 1.67 | 312 | 599 | 213 | 349 | 6.17 | 249 | 3.78 | 6.33 | 295 | 422 | 6.76 | 3.53 | 4.89 | 7.64
HU31 167 | 321 | 653 | 1.67 | 321 | 653 | 249 | 412 | 7.37 | 296 | 459 | 7.85 | 421 | 5.78 | 8.96 | 8.66 | 11.70 | 16.86
ITH5 3.74 | 535 | 823 | 3.74 | 535 | 823 | 3.74 | 535 | 823 | 3.74 | 535 | 823 | 401 | 568 | 897 | 6.14 | 8.13 | 11.83
LTO02 217 | 358 | 575 | 217 | 358 | 575 | 217 | 35658 | 575 | 217 | 358 | 575 | 253 | 3.68 | 577 | 537 | 7.10 | 10.29
NL34 217 | 3.36 | 514 | 2.18 | 3.38 | 519 | 2.70 | 3.86 | 5.84 | 292 | 407 | 6.09 | 3.31 | 442 | 6.44 | 6.37 | 8.97 | 14.56
NL42 2.36 | 3.88 | 6.10 | 2.62 | 416 | 6.70 | 3.60 | 5.14 | 8.03 | 3.94 | 550 | 854 | 461 | 6.07 | 898 | 5.90 | 7.70 | 11.04
NOO03 072 1199 | 471 | 072 | 199 | 471 | 0.72 | 1.99 | 471 | 0.72 | 1.99 | 471 | 090 | 1.99 | 471 | 464 | 6.68 | 9.76
PL21 183 | 340 | 6.20 | 265 | 411 | 6.79 | 315 | 454 | 7.17 | 3.29 | 466 | 7.34 | 449 | 6.31 | 958 | 6.27 | 8.64 | 12.61
PL42 169 | 298 | 526 | 201 | 3.18 | 530 | 2.39 | 348 | 548 | 254 | 363 | 5.61 | 283 | 382 | 573 | 290 | 3.89 | 5.78
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PL52 177 | 310 | 549 | 214 | 3.36 | 555 | 255 | 3.71 | 586 | 272 | 3.89 | 6.02 | 3.02 | 412 | 6.18 | 470 | 6.83 | 9.97
PL61 173 | 3.05 | 532 | 2.08 | 3.26 | 535 | 245 | 353 | 552 | 260 | 3.67 | 567 | 297 | 412 | 6.18 | 3.39 | 464 | 6.87
PL81 178 | 3.14 | 561 | 222 | 351 | 584 | 2.76 | 400 | 6.35 | 294 | 421 | 6.60 | 3.37 | 460 | 6.93 | 3.51 | 470 | 7.00
RO12 2.83 | 488 | 819 | 2.86 | 4.88 | 819 | 3.14 | 489 | 819 | 341 | 5.04 | 823 | 434 | 6.24 | 1055 | 6.14 | 8.74 | 14.93
RO31 270 | 419 | 669 | 270 | 419 | 669 | 281 | 419 | 6.69 | 287 | 419 | 6.69 | 3.07 | 437 | 6.88 | 355 | 485 | 741
SK02 3.01 | 460 | 747 | 3.01 | 460 | 747 | 3.01 | 460 | 7.47 | 3.06 | 460 | 7.47 | 445 | 6.56 | 10.93 | 9.00 | 12.61 | 21.97
UKC1 285 | 434 | 660 | 285 | 4.34 | 660 | 285 | 4.34 | 6.60 | 286 | 434 | 6.60 | 3.05 | 434 | 6.60 | 3.18 | 434 | 6.58
UKD6 295 | 484 | 757 | 295 | 4.84 | 757 | 295 | 4.84 | 757 | 299 | 484 | 757 | 355 | 510 | 757 | 3.90 | 535 | 8.03
UKE1 2.74 | 426 | 659 | 2.74 | 426 | 659 | 2.74 | 4.26 | 659 | 2.78 | 4.26 | 659 | 3.01 | 426 | 6,59 | 3.12 | 427 | 6.57

Min 072 1199 | 471 | 072 | 199 | 471 | 072 199 | 471 072199 | 471|090 |199 | 471 | 279 | 381 | 5.67
Mean 238 | 390 | 644 | 248 | 397 | 650 | 2.70 | 4.13 | 6.65 | 2.84 | 423 | 6.73 | 3.26 | 458 | 7.11 | 462 | 6.34 | 9.56
Max 3.74 | 535|823 | 3.74 | 535 | 823 | 3.74 | 535 | 823 | 3.94 | 550 | 854 | 461 | 6.56 | 10.93 | 9.00 | 12.61 | 21.97

Supplementary Table 3 | Levelized cost of hydrogen (LCOH) in euro per kilogram of hydrogen (EUR/kg H>) across European ammonia plants for

different cases (optimistic, reference, and pessimistic) and emission caps.
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Emission caps no-cap 3-cap 1-cap 0.5-cap 0.1-cap 0-cap
o @ = o @ = o @ L o @ L o @ L o

% = B B e R k7 = B B = B B = 3 S 88

Cases E| 35| E|E| 5| E|E| 5| E|E| 5| E|E| 8| E EEE
52| & 2 | 8| B 3 | 8| % 3 5| & 2 | 8| % 3 25 8

o o & O @ o o o & o @ o O o & oxa

AT31 91% | 91% 90% | 91% | 91% 90% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
BE21 78% | 86% | 100% | 78% | 86% | 100% | 92% | 92% | 100% | 96% | 96% | 100% | 99% | 99% | 100% 100%
BE32 85% | 87% 99% | 85% | 87% 99% | 92% | 92% 99% | 96% | 96% 99% | 99% | 99% 99% 100%
BG33 86% | 97% 98% | 86% | 97% 98% | 92% | 97% 98% | 96% | 97% 98% | 99% | 99% 99% 100%
BG42 80% | 97% 99% | 80% | 97% 99% | 92% | 97% 99% | 96% | 97% 99% | 99% | 99% 99% 100%
CHO1 97% | 100% | 100% | 97% | 100% | 100% | 97% | 100% | 100% | 97% | 100% | 100% | 99% | 100% | 100% 100%
Cz04 34% | 49% 49% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
DEA1 97% | 98% 99% | 97% | 98% 99% | 97% | 98% 99% | 97% | 98% 99% | 99% | 99% 99% 100%
DEB3 97% | 97% 97% | 97% | 97% 97% | 97% | 97% 97% | 97% | 97% 97% | 99% | 99% 99% 100%
DEEO 97% | 98% 99% | 97% | 98% 99% | 97% | 98% 99% | 97% | 98% 99% | 99% | 99% 99% 100%
DEFO 99% | 99% 99% | 99% | 99% 99% | 99% | 99% 99% | 99% | 99% 99% | 99% | 99% 99% 100%
EL51 7% | 87% 99% | 77% | 87% 99% | 92% | 92% 99% | 96% | 96% 99% | 99% | 99% 99% 100%
ES24 83% | 87% 96% | 83% | 87% 96% | 92% | 92% 96% | 96% | 96% 96% | 99% | 99% 99% 100%
ES42 83% | 86% 98% | 83% | 86% 98% | 92% | 92% 98% | 96% | 96% 98% | 99% | 99% 99% 100%
ES61 83% | 88% 98% | 83% | 88% 98% | 92% | 92% 98% | 96% | 96% 98% | 99% | 99% 99% 100%
FR10 96% | 99% | 100% | 96% | 99% | 100% | 96% | 99% | 100% | 96% | 99% | 100% | 99% | 99% | 100% 100%
FRD2 98% | 99% | 100% | 98% | 99% | 100% | 98% | 99% | 100% | 98% | 99% | 100% | 99% | 99% | 100% 100%
FRF1 95% | 99% | 100% | 95% | 99% | 100% | 95% | 99% | 100% | 96% | 99% | 100% | 99% | 99% | 100% 100%
HU21 82% | 84% 85% | 82% | 84% 85% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
HU31 78% | 80% 81% | 78% | 80% 81% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
ITH5 95% | 98% 98% | 95% | 98% 98% | 95% | 98% 98% | 96% | 98% 98% | 99% | 99% 99% 100%
LT02 96% | 98% 99% | 96% | 98% 99% | 96% | 98% 99% | 96% | 98% 99% | 99% | 99% 99% 100%
NL34 4% | 72% 71% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
NL42 58% | 61% 58% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
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NOO03 99% | 99% | 100% | 99% | 99% | 100% | 99% | 99% | 100% | 99% | 99% | 100% | 99% | 99% | 100% 100%
PL21 17% | 36% 37% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
PL42 45% | 52% 60% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
PL52 40% | 49% 59% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
PL61 43% | 50% 65% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
PL81 38% | 47% 51% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
RO12 2% | 89% 92% | 75% | 89% 92% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
RO31 79% | 96% 98% | 79% | 96% 98% | 92% | 96% 98% | 96% | 96% 98% | 99% | 99% 99% 100%
SK02 93% | 97% 96% | 93% | 97% 96% | 93% | 97% 96% | 96% | 97% 96% | 99% | 99% 99% 100%
UKC1 95% | 100% | 100% | 95% | 100% | 100% | 95% | 100% | 100% | 96% | 100% | 100% | 99% | 100% | 100% 100%
UKD6 93% | 96% | 100% | 93% | 96% | 100% | 93% | 96% | 100% | 96% | 96% | 100% | 99% | 99% | 100% 100%
UKE1 93% | 100% | 100% | 93% | 100% | 100% | 93% | 100% | 100% | 96% | 100% | 100% | 99% | 100% | 100% 100%

Min 17% | 36% 37% | 75% | 75% 75% | 92% | 92% 92% | 96% | 96% 96% | 99% | 99% 99% 100%
Mean 79% | 85% 88% | 86% | 90% 92% | 93% | 95% 96% | 96% | 97% 98% | 99% | 99% 99% 100%
Max 99% | 100% | 100% | 99% | 100% | 100% | 99% | 100% | 100% | 99% | 100% | 100% | 99% | 100% | 100% 100%

Supplementary Table 4 | Emission reduction across European ammonia plants for different scenarios, cases (optimistic, reference, and pessimistic)

and emission caps.
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Emission

caps no-cap 3-cap 1-cap 0.5-cap 0.1-cap 0-cap

o @ 2 o @ 2 o @ 2 o @ 2 o W 2 o @ 2

B = 3 z e k% k] e k% k] < 3 z = 3 ko < B

5| & | &|85 2|8 |82 | & | 8|e|f|8|2 & &5 28
AT31 68.13 | 189.40 | 39244 | 68.13 | 189.40 | 39244 | 68.30 | 188.73 | 387.66 | 77.92 | 188.73 | 384.04 | 97.39 | 207.66 | 413.23 | 133.29 | 23848 | 438.80
BE21 32.07 | 23557 | 47403 | 32.07 | 23557 | 47403 | 69.40 | 23244 | 47403 | 103.71 | 237.67 | 474.03 | 153.06 | 26551 | 474.03 | 240.93 | 363.74 | 579.17
BE32 2256 | 217.46 | 447.90 | 2256 | 217.46 | 447.90 | 50.73 | 210.49 | 447.90 | 79.68 | 211.95 | 447.90 | 127.08 | 237.27 | 447.90 | 219.01 | 339.04 | 554.64
BG33 5571 | 166.64 | 373.98 | 5571 | 166.64 | 373.98 | 53.47 | 166.64 | 373.98 | 5562 | 166.64 | 37398 | 77.77 | 180.88 | 374.85 | 110.12 | 216.93 | 422.27
BG42 85.70 | 203.28 | 416.14 | 8570 | 20328 | 416.14 | 76.77 | 203.28 | 416.14 | 79.27 | 203.28 | 416.14 | 9296 | 201.56 | 416.14 | 118.81 | 231.58 | 454.00
CHo1 28.73 | 150.67 | 327.97 | 28.73 | 150.67 | 327.97 | 28.73 | 150.67 | 327.97 | 28.73 | 150.67 | 327.97 | 4258 | 15067 | 327.97 | 81.78 | 173.91 | 343.45
Cz04 0.00 | 240.72 | 71864 | 55.32 | 221.13 | 527.05 | 108.02 | 244.20 | 504.72 | 128.19 | 256.78 | 506.94 | 174.69 | 291.30 | 521.66 | 250.29 | 386.91 | 64157
DEA1 126.13 | 234.12 | 42051 | 126.13 | 234.12 | 42051 | 126.13 | 234.12 | 42051 | 126.13 | 234.12 | 420.51 | 139.68 | 238.22 | 420.30 | 185.30 | 295.09 | 491.02
DEB3 14232 | 261.32 | 47950 | 142.32 | 261.32 | 479.50 | 142.32 | 261.32 | 479.50 | 142.32 | 26132 | 479.50 | 171.62 | 283.03 | 492.61 | 293.47 | 444.63 | 698.94
DEEO 150.00 | 270.22 | 486.43 | 150.00 | 270.22 | 486.43 | 150.00 | 270.22 | 486.43 | 150.00 | 270.22 | 486.43 | 166.93 | 278.02 | 485.44 | 214.00 | 338.66 | 564.82
DEFO 53.46 | 137.60 | 288.99 | 53.46 | 137.60 | 288.99 | 53.46 | 137.60 | 288.99 | 53.46 | 137.60 | 288.99 | 54.79 | 137.54 | 291.26 | 350.82 | 523.97 | 809.06
EL51 0.00 | 141.14 | 306.07 | 000 | 141.14 | 306.07 | 24.36 | 136.53 | 306.07 | 36.96 | 13537 | 306.07 | 56.92 | 147.64 | 30544 | 7050 | 150.54 | 305.58
ES24 0.00 | 106.68 | 312.87 | 000 | 106.68 | 312.87 | 000 | 107.25 | 312.87 | 1227 | 11538 | 312.87 | 41.37 | 13354 | 309.89 | 12261 | 257.52 | 541.97
ES42 0.00 | 122.18 | 33164 | 000 | 122.18 | 33164 | 000 | 12425 | 33164 | 19.92 | 129.77 | 331.64 | 4329 | 14230 | 32844 | 66.10 | 156.71 | 330.88
ES61 0.00 | 11564 | 298.81 | 000 | 11564 | 29881 | 0.00 | 116.07 | 29881 | 17.54 | 119.95 | 298.81 | 44.33 | 134.10 | 297.46 | 148.11 | 259.63 | 444.75
FR10 76.69 | 218.60 | 458.12 | 76.69 | 218.60 | 458.12 | 76.69 | 218.60 | 458.12 | 76.53 | 218.60 | 458.12 | 91.79 | 218.60 | 458.12 | 245.09 | 429.66 | 736.83
FRD2 4240 | 160.10 | 351.27 | 42.40 | 160.10 | 351.27 | 42.40 | 160.10 | 351.27 | 42.40 | 160.10 | 351.27 | 5256 | 160.10 | 351.27 | 97.22 | 19365 | 383.78
FRF1 83.58 | 230.87 | 47427 | 83.58 | 230.87 | 47427 | 83.58 | 230.87 | 474.27 | 83.87 | 230.87 | 474.27 | 98.66 | 230.74 | 47427 | 401.50 | 686.53 | 1138.68
HU21 0.00 | 11053 | 392.01 | 000 | 11053 | 39201 | 11.69 | 13556 | 378.95 | 4245 | 15473 | 376.27 | 79.58 | 186.47 | 399.94 | 127.87 | 241.20 | 470.05
HU31 0.00 | 126.12 | 466.07 | 000 | 126.12 | 466.07 | 44.45 | 19251 | 488.48 | 83.81 | 225.15 | 509.08 | 185.85 | 317.90 | 584.59 | 554.67 | 808.24 | 1238.47
ITHS 152.56 | 285.78 | 528.00 | 152.56 | 28578 | 528.00 | 152.56 | 285.78 | 528.00 | 151.41 | 285.78 | 528.00 | 169.17 | 309.50 | 585.81 | 344.64 | 510.81 | 819.06
LTO02 14.66 | 13522 | 31573 | 14.66 | 13522 | 31573 | 14.66 | 13522 | 31573 | 14.66 | 13522 | 31573 | 4450 | 141.49 | 316.67 | 280.67 | 424.62 | 691.02
NL34 19.41 | 158.13 | 36859 | 19.78 | 153.19 | 354.55 | 64.09 | 169.37 | 348.80 | 80.32 | 180.04 | 355.54 | 109.86 | 203.45 | 373.43 | 36451 | 581.04 | 1046.94
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NL42 52.07 256.28 | 585.28 69.29 239.50 | 522.38 | 145.76 | 285.83 | 548.38 | 168.93 | 304.56 | 568.54 | 219.14 | 342.35 | 586.93 | 325.06 | 474.99 753.24
NOO03 0.00 0.00 226.40 0.00 0.00 226.40 0.00 0.00 226.40 0.00 0.00 226.40 0.00 0.00 226.40 | 220.38 | 389.97 646.33
PL21 0.00 325.56 | 946.27 72.06 234.08 | 531.97 | 104.10 | 230.76 | 469.72 | 111.98 | 231.35 | 464.37 | 208.87 | 362.33 | 636.95 | 355.97 | 553.35 884.04
PL42 0.00 156.26 | 451.31 1.49 131.65 | 366.85 35.64 134.10 | 316.52 46.92 141.34 | 314.29 69.39 153.14 | 313.44 | 7461 157.27 314.84
PL52 0.00 186.62 | 491.14 15.46 151.03 | 394.48 | 49.55 155.50 | 350.50 62.44 164.73 | 349.78 85.99 177.92 | 351.20 | 224.75 | 402.35 663.94
PL61 0.00 176.74 | 422.95 8.73 139.57 | 372.17 41.12 139.05 | 320.41 52.12 145.27 | 318.87 81.20 178.36 | 350.84 | 115.85 | 220.19 405.98
PL81 0.00 201.95 | 590.28 24.85 167.28 | 426.42 68.80 181.84 | 395.20 82.17 192.47 | 400.08 | 11543 | 21856 | 414.65 | 125.80 | 225.13 416.74
RO12 95.27 270.12 | 558.28 95.61 270.12 | 558.28 | 104.06 | 263.06 | 558.28 | 122.44 | 264.64 | 54156 | 196.96 | 356.31 | 718.43 | 345.15 | 561.42 | 1077.56
RO31 74.40 190.04 | 400.02 74.40 190.04 | 400.02 73.25 190.04 | 400.02 76.00 190.04 | 400.02 90.15 199.22 | 41037 | 129.06 | 237.42 451.09
SK02 91.02 223.80 | 47230 | 91.02 223.80 | 472.30 91.02 223.80 | 472.30 92.19 22380 | 47230 | 20593 | 383.04 | 750.34 | 583.68 | 884.53 | 1664.06
UKC1 74.80 195.49 | 383.28 74.80 195.49 | 383.28 74.80 19549 | 383.28 74.54 195.49 | 383.28 88.49 19549 | 383.28 98.18 195.19 381.28
UKD6 85.26 246.13 | 466.46 85.26 246.13 | 466.46 85.26 246.13 | 466.46 86.32 246.13 | 466.46 | 12991 | 260.21 | 466.46 | 158.16 | 279.01 502.78
UKE1 66.33 189.33 | 382.61 66.33 189.33 | 382.61 66.33 189.33 | 382.61 67.56 189.33 | 382.61 85.19 189.33 | 382.61 93.53 189.54 380.61

Min 0.00 0.00 226.40 0.00 0.00 226.40 0.00 0.00 226.40 0.00 0.00 226.40 0.00 0.00 226.40 66.10 150.54 305.58
Mean 47.04 189.90 | 439.07 52.48 182.54 | 409.11 66.15 187.41 | 402.53 75.85 191.64 | 403.13 | 108.14 | 217.05 | 428.96 | 218.65 | 361.76 630.23
Max 152.56 | 325.56 | 946.27 | 152.56 | 285.78 | 558.28 | 152.56 | 285.83 | 558.28 | 168.93 | 304.56 | 568.54 | 219.14 | 383.04 | 750.34 | 583.68 | 884.53 | 1664.06

Supplementary Table 5 | Abatement cost (AC) in euro per ton of carbon dioxide equivalent (EUR/t CO-e) abated across European ammonia plants

for different emission caps and cases (optimistic, reference, and pessimistic). If the AC is negative, indicating that the levelized cost of hydrogen (LCOH)

for electrolytic hydrogen is lower than that of steam methane reforming (SMR), the AC value is adjusted to zero.
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Value

Input parameter Description Unit

— — Not
Pessimistic Reference Optimistic ot
Total system
c cost utility- EUR/MW 1,612,776 649,881 414,862
PV
scale PV
Total system
CWT cost utility- EUR/ MW 1,719,039 1,064,606 822,797
scale WT
1,669,387 1,164,612 659,837 First installation in 2024
Total system 361,836 in 2031 257,151 in 2033 | 154,613in 2034 | For the electrolyzer, the 2024
CEL cost ALK EUR/MW

installation also includes
project costs, while the

329,625 in 2041 215813in2044 | 107,370in 2045 | following installations refer
only to the stack component.

electrolyzer

Price grid

PE electricity for EUR/MWh 697 105 9

industrial user
Carbon

YE intensity grid kg CO2/MWh 244 85 3

electricity

Supplementary Table 6 | Input parameters for robustness analysis considering optimistic, reference, and pessimistic cases. Units: euro: EUR; megawatt:
MW, megawatt hour: MWh; kilograms: kg; carbon dioxide equivalent: CO.e.
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High Low Median Solar- Wind- High Low Median Solar- Wind-
ci g Average 9 Average
Parameter Emission Case capacity capacity capacity dominated dominated 9 capacity capacity capacity dominated dominated g
tested caps
Difference in % compared to the reference case LCOH variation in EUR
o Pessimistic 7.8% 39.2% 19.5% 20.5% 17.7% 20.9% ¢ ¢ ¢ c ¢ ¢
235 6.66 442 416 268 405
5 Optimistic -66.7% 81.0% 77.0% 75.7% -66.8% 73.4%
3 Pessimistic 7.8% 27.8% 19.5% 20.5% 17.7% 18.7% ¢ ¢ ¢ ¢ ¢ ¢
S 1-cap
L Optimistic 31.7% -20.0% -25.9% -26.1% -37.3% -28.2% 1.25 2.88 2.08 2.02 L.74 1.99
=]
g ey | Pessmisic 41% 10.5% 12.9% 7.6% 10.1% 9.0% ¢ ¢ ¢ ¢ ¢ ¢
S .
8 Optimistic 3.7% 1.7% 2.5% -2.5% 3.6% 2.8% 0.26 0.85 0.75 0.49 0.46 0.56
o
o Pessimistic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% ¢ ¢ ¢ ¢ ¢ .
Optimistic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% - - - - -
g Pessimistic 20.3% 10.6% 16.1% 25.9% 18.9% 18.4% ¢ ¢ ¢ ¢ ¢ ¢
e no-cap
g Optimistic -18.6% -11.0% 17.1% -22.5% -17.9% -17.4% 123 120 152 210 117 144
s £
E; 5 Lo Pessimistic 20.3% 17.3% 17.2% 25.9% 18.9% 19.9% ¢ ¢ ¢ ¢ ¢ ¢
e Optimistic -18.6% -16.5% 17.1% 22.5% 17.9% -18.6% 1.23 2.05 1.57 210 L17 1.62
% B Pessimistic 21.4% 17.4% 20.1% 22.7% 215% 20.6% ¢ ¢ ¢ ¢ ¢ ¢
= 0.1-cap
(<5} -
£3 optimistic | -18:6% -16.1% -18.0% -21.6% -19.1% -18.7% 131 234 184 214 138 180
c C
=3 Pessimistic 18.5% 16.4% 15.8% 26.1% 23.9% 20.1% ¢ ¢ ¢ ¢ ¢ ¢
i= 0-cap
] Optimistic 17.7% -15.6% 24.9% 21.7% -26.6% -21.3% 1.33 2.86 3.57 2.48 444 2.94
Pessimistic 8.0% 5.9% 9.5% 23.4% 0.1% 9.4% ¢ ¢ ¢ ¢ ¢ ¢
no-cap
Optimistic 3.4% 2.2% 4.2% 7.0% 1.6% 3.7% 0.36 0.45 0.63 1.2 0.05 0.56
(<5
(&}
g o Pessimistic 8.0% 17.3% 10.5% 23.7% 0.1% 11.9% ¢ ¢ ¢ ¢ ¢ ¢
2 Optimistic 3.4% 5.7% 4.2% -7.0% 1.6% -4.4% 0.36 1.39 0.67 1.33 0.05 0.76
S Pessimistic 11.3% 14.9% 16.0% 19.8% 6.1% 13.6% ¢ ¢ ¢ ¢ ¢ ¢
= 0.1-cap
2 Optimistic 3.6% 37% 4.2% -6.0% 35% 4.2% 0.49 1.29 0.98 1.25 0.32 0.87
Pessimistic 6.4% 7.6% 1.2% 26.4% 0.0% 8.3% ¢ ¢ ¢ ¢ ¢ ¢
0-cap
Optimistic 3.2% 1.9% 6.2% -7.0% 0.0% 3.7% 0.35 085 0.65 173 - 0.72
(5]
£ Pessimistic 10.2% 3.4% 8.6% 0.0% 10.5% 6.5% ¢ ¢ ¢ ¢ ¢ ¢
2 o no-cap
2 Optimistic -4.2% 17% 4.1% -0.1% -4.6% -3.0% 0.45 028 0.58 0.01 0.48 0.36
o
=
= 1-cap Pessimistic 10.2% 6.2% 8.7% 0.0% 10.5% 7.1%
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€ € € € € €
- 0, - 0, - 0, - 0, - 0, - 0,
Optimistic 4.2% 2.9% 4.1% 0.1% 4.6% 3.2% 0.45 0.54 0.59 0.01 0.48 0.41
ey | Pessimisi 10.7% 14.5% 12.2% 3.0% 12.4% 10.5% ¢ ¢ ¢ c c c
ootimisic 3% 1% 6% 2% % % 0.49 1.39 0.82 031 0.59 0.72
- Pessimistic 14.2% 19.2% 11.1% 1.5% 12.7% 11.7% ¢ ¢ ¢ ¢ ¢ ¢
ootimisi 6.0% 2% 0% L% 2% S o% 0.74 2.37 1.67 0.17 1.66 132
> o Pessimistic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% ¢ ¢ ¢ ¢ ¢ .
2 Optimistic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% ; : ; : (0.00) (0.00)
[S]
(<5}
3 Lo Pessimistic 0.0% 6.9% 1.6% 3.6% 1.8% 2.8% ¢ ¢ ¢ ¢ ¢ ¢
5 Optimistic 0.0% -8.2% 0.0% 0.0% 0.0% -1.6% 0.00 091 0.07 018 0.06 024
>
- oy | Pessmisi 1.5% 15.4% 9.5% 3.7% 4.6% 6.9% ¢ ¢ ¢ ¢ ¢ ¢
2 : 0.16 2.47 0.72 0.70 0.37 0.89
= - 3.4% 20.0% 5.5% 10.7% 6.5% 9.2%
= Optimistic
£ o Pessimistic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% ¢ ¢ ¢ ¢ ¢ .
© Optimistic 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% : - - - -

Supplementary Table 7 | Robustness analysis results in optimistic and pessimistic cases
LCOH: levelized cost of hydrogen measured in EUR/kilogram of hydrogen (EUR/kg Hy).

. Relative contribution (in %) and absolute values (euro or EUR).
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Emission Electrolyzer High-capacity | Low-capacity | Median-capacity | Solar-dominated Wind-dominated | MIN | MEAN | MAX
cap type
no-cap SOE 35% 7% 16% 26% 30% 7% 23% 35%
1-cap SOE 35% 20% 23% 35% 31% 20% 29% 35%
0.1-cap SOE 43% 27% 36% 38% 42% 27% 37% 43%
0-cap SOE 35% 24% 12% 41% 15% 12% 25% 41%
no-cap ML 14% 28% 17% 7% 14% 7% 16% 28%
1-cap ML 14% 20% 17% 7% 14% 7% 14% 20%
0.1-cap ML 11% 22% 17% 6% 14% 6% 14% 22%
0-cap ML 14% 17% -1% 2% -1% -1% 6% 17%

Supplementary Table 8 | Impact of electrolyzer technology selection on the levelized cost of hydrogen (LCOH) compared to reference alkaline

electrolyzer (ALK) in percentage. ML: membraneless electrolyzer; SOE: solid oxide electrolyzer.
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Emission

cap Case High-capacity Low-capacity Median-capacity Solar-dominated Wind-dominated Average

Pessimistic 1.41% 7.17% 1.72% 2.06% 3.01% 3.07%

no-cap Reference 0.87% 4.28% 1.02% 1.23% 1.87% 1.85%
Optimistic 0.31% 1.34% 0.32% 0.39% 0.63% 0.60%

Pessimistic 1.41% 2.41% 1.72% 2.06% 3.01% 2.12%

1-cap Reference 0.87% 1.42% 1.02% 1.23% 1.87% 1.28%
Optimistic 0.31% 0.44% 0.32% 0.39% 0.63% 0.42%

Pessimistic 0.44% 0.21% 0.30% 0.30% 0.43% 0.34%

0.1-cap Reference 0.26% 0.12% 0.18% 0.18% 0.25% 0.20%
Optimistic 0.08% 0.04% 0.06% 0.06% 0.08% 0.06%

Pessimistic 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

0-cap Reference 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Optimistic 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Supplementary Table 9 | Impact of the European Union Emission Trading Scheme (EU-ETS) on the levelized cost of hydrogen (LCOH) in %. EU-ETS

price: Pessimistic = 145 euro per ton of carbon dioxide equivalent (EUR/t CO.¢); reference = 86 EUR/t CO-g; optimistic = 27 EUR/t CO.e.
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Emission-cap

Representative region No-cap 1-cap 0.1-cap 0-cap
High-capacity -5% -5% -9% -19%
Low-capacity 5% -4% -14% -32%

Median-capacity -6% -6% -11% -46%
Solar-dominated -3% -3% -13% -19%
Wind-dominated -16% -16% -22% -46%

Average -5% -1% -14% -32%

Supplementary Table 10 | Impact of plant flexibility (dy,Dyz,¢) on the levelized cost of hydrogen (LCOH). LCOH variation in % compared to the reference

case (continuous ammonia production).
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Grid electricity
demand/NUTS-2
electricity demand (1-

Renewable demand/NUTS-2
renewable theoretical potential

Renewable demand/NUTS-2
renewable theoretical potential

Avrea required/NUTS-2 area

available (1-cap)

Area required/NUTS-2 area

available (0-cap)

cap) (1-cap) (0-cap)
NUTS-2
2 8 | 3 = 3 2 8 8 2 g 8 3 2 8 2
§ | & |8 § | @ g § | @ g § | & g § | & g
AT3L | 93% | 85% | 8.0% 88% | 114% | 13.0% | 233% | 248% | 25.7% 25% | 34% | 41% | 7.0% | 74% | 81%
BE2L | 7.9% | 7.2% | 0.4% 621% | 743% | 113.3% | 126.1% | 1359% | 140.7% 8.6% | 10.6% | 166% | 202% | 21.8% | 22.6%
BE32 | 11.5% | 10.5% | 0.7% 413% | 495% | 750% | 92.2% | 102.9% | 109.1% 6.9% | 85% | 132% | 183% | 20.6% | 21.8%
BG33 | 88% | 2.6% | 2.1% 64% | 79% | 86% | 102% | 10.9% | 11.2% 28% | 34% | 40% | 51% | 55% | 59%
BG42 | 57% | 2.0% | 0.5% 136% | 166% | 17.7% | 199% | 21.3% | 211% 15% | 25% | 31% | 32% | 38% | 4.3%
CZ04 | 58% | 53% | 5.0% 37.0% | 411% | 444% | 60.8% | 65.2% | 67.0% 62% | 71% | 87% | 152% | 162% | 16.8%
DEAL | 05% | 0.2% | 0.1% 346% | 404% | 418% | 47.6% | 540% | 56.5% 85% | 10.8% | 12.0% | 152% | 17.4% | 18.2%
DEB3 | 1.9% | 1.8% | 1.6% 402% | 44.4% | 464% | 665% | 72.1% | 69.5% 83% | 94% | 106% | 191% | 20.7% | 21.8%
DEEO | 1.9% | 1.2% | 0.7% 76% | 86% | 94% | 106% | 121% | 12.6% 2.6% | 30% | 35% | 44% | 51% | 5.4%
DEFO | 05% | 0.6% | 0.5% 122% | 132% | 14.2% | 39.6% | 444% | 50.7% 25% | 28% | 31% | 9.1% | 103% | 11.8%
EL51 | 20.6% | 18.9% | 2.8% 81% | 93% | 111% | 103% | 10.9% | 11.4% 23% | 27% | 34% | 30% | 31% | 3.4%
ES24 | 16.1% | 14.7% | 5.9% 27% | 33% | 45% | 64% | 6.9% | 7.1% 06% | 07% | 11% | 08% | 08% | 0.9%
ES42 | 10.0% | 9.2% | 2.3% 27% | 31% | 44% | 44% | 47% | 48% 03% | 04% | 07% | 06% | 06% | 0.7%
ES6L | 2.6% | 2.4% | 0.5% 26% | 31% | 46% | 65% | 7.0% | 6.1% 03% | 04% | 0.6% | 09% | 10% | L1%
FRIO | 20% | 0.3% | 0.1% 63% | 147% | 167% | 168% | 212% | 25.7% 21% | 48% | 59% | 61% | 81% | 10.7%
FRD2 | 7.0% | 1.8% | 0.5% 87% | 133% | 152% | 168% | 182% | 18.7% 27% | 41% | 47% | 53% | 58% | 6.0%
FRFL | 134% | 2.3% | 0.5% 142% | 350% | 39.8% | 434% | 487% | 60.9% 28% | 69% | 80% | 83% | 113% | 16.6%
HU21 | 23.49% | 204% | 207 56% | 67% | 7.2% | 112% | 122% | 12.2% 23% | 28% | 32% | 48% | 52% | 58%
HUSL | 20.5% | 18.8% 107/(')8 158% | 184% | 195% | 48.4% | 583% | 50.6% 17% | 24% | 31% | 10.7% | 14.8% | 15.6%
ITHS | 2.1% | 0.9% | 0.6% 9.1% | 104% | 105% | 164% | 183% | 18.5% 15% | 27% | 29% | 29% | 63% | 6.6%
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LT02 | 19.8% | 10.6% | 4.5% 15% | 28% | 38% | 99% | 107% | 11.4% 05% | 08% | 12% | 30% | 33% | 3.6%
NL34 | 26.7% | 24.5% 230.1 639% | 737% | 827% | 119.0% | 1264% | 129.6% 103% | 120% | 138% | 169% | 17.9% | 184%
NL42 | 8.7% | 8.0% | 7.5% 99.1% | 110.9% | 117.8% | 162.8% | 176.6% | 187.1% 176% | 214% | 242% | 38.9% | 424% | 451%
PL2L | 21% | 1.9% | 1.8% 200% | 236% | 242% | 392% | 472% | 49.1% 35% | 42% | 47% | 90% | 11.0% | 124%
PLA2Z | 43% | 4.0% | 3.7% 82% | 90% | 95% | 91% | 98% | 102% 18% | 21% | 22% | 20% | 22% | 2.4%
PL52 | 24% | 2.2% | 2.1% 177% | 204% | 21.9% | 242% | 268% | 27.3% 45% | 53% | 60% | 65% | 78% | 86%
PL61 | 3.3% | 31% | 2.9% 79% | 89% | 95% | 123% | 134% | 135% 24% | 27% | 30% | 40% | 44% | 46%
PL8L | 33% | 3.0% | 2.9% 59% | 68% | 72% | 73% | 79% | 83% 20% | 23% | 25% | 26% | 28% | 2.9%
RO12 | 11.3% | 103% | 8.9% 84% | 94% | 97% | 241% | 260% | 26.4% 09% | 12% | 1.7% | 22% | 23% | 2.4%
RO31 | 57% | 24% | 1.4% 26% | 34% | 37% | 420 | 45% | 46% 12% | 17% | 19% | 23% | 25% | 2.6%
SK02 | 11.3% | 46% | 4.6% 57% | 84% | 88% | 337% | 360% | 37.0% 25% | 37% | 42% | 94% | 101% | 104%
UKCL | 40% | 02% | 0.0% 647% | 84.6% | 941% | 723% | 821% | 941% 80% | 103% | 117% | 87% | 100% | 11.7%
UKD6 | 14.4% | 7.3% | 0.8% 766% | 956% | 106.2% | 128.6% | 1381% | 141.1% 116% | 142% | 161% | 189% | 207% | 21.7%
UKEL | 141% | 0.7% | 0.0% 254% | 364% | 401% | 30.7% | 351% | 40.1% 26% | 37% | 41% | 31% | 36% | 41%
MIN | 05% | 02% | 0.0% 15% | 28% | 37% | 42% | 45% | 46% 03% | 04% | 06% | 06% | 06% | 07%
MEAN | 8.9% | 6.3% | 4.0% 220% | 27.0% | 311% | 39.8% | 438% | 459% 40% | 52% | 62% | 85% | 96% | 104%
MAX | 26.7% | 2450 | 231 99.1% | 110.9% | 117.8% | 162.8% | 176.6% | 187.1% 176% | 214% | 242% | 389% | 424% | 451%

%

Supplementary Table 11 | Feasibility analysis in different cases (optimistic, reference, and pessimistic). The table presents the feasibility under the three

criteria identified: (i) impact on grid electricity; (ii) renewable potential, and (iii) land availability at NUTS-2 (Nomenclature of Territorial Units for Statistics)

level.
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Algorithm Hyper parameters CPU times

Heuristic Optimizations

Nelder-mead x0 = np.array([2E3,2E3,1E3,1E2,1E4,1E5]); tol = E-15 7min 35s
Nelder-mead - random coordinates X0 = np.random.randint(1, 1E4, size=(6,)); tol = E-15 7min 33s
L-BFGS-B X0 = np.array([2E3,2E3,1E3,1E2,1E4,1E5]); tol = E-15 10min 8s
L-BFGS-B - random coordinates X0 = np.random.randint(1, 1E4, size=(6,)); tol = E-15 1min 36s
Differential Evolution (pop = 10) 16min 32s
Differential Evolution + Nelder-mead (pop = 10); tol = E-15 15min 43s + 4min 59s
Mixed Integer Linear Programming
MILP ‘ nfa ‘ <1min

Supplementary Table 12 | Optimization models’ performance. Tests were conducted using a processor 11th Gen Intel(R) Core (TM) i7-11800H, 16.0 GB
RAM. Mixed-Integer Linear Programming (MILP) performed better in all tests conducted. MILP is the option used in the main analysis. L-BFGS-B : Limited-
memory Broyden-Fletcher-Goldfarb-Shanno algorithm with Box constraints.
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Value

Input parameter Description Unit — — Note Source
Pessimistic Reference Optimistic
Generic input data
Hourly hydrogen (Hz)
b | et | g
system (EHPS)
t Hours/year 8,760
l Lifetime EHPS y 26 26 years lifetime, 25 years operations
Technology input data
1,333,537 537,359 343,032 AT
1,612,776 649,881 414,862 BE
1,363,201 549,313 350,663 BG
1,612,776 649,881 414,862 CH
1,317,754 531,000 338,972 Cz
1,291,455 520,402 332,207 DE
1,401,138 564,600 360,422 EL
1,404,682 566,028 361,333 ES
Total system cost utility- 1,739,582 700,979 447,481 FR
Coy sca:f] F;B?SO("E"['};')CZQFV) EUR/MW 1,912,240 770,553 491,895 HR 52
megawatt (MW) 1,741,329 701,683 447,930 HU
1,441,214 580,749 370,731 IT
1,612,776 649,881 414,862 LT
1,972,265 794,740 507,335 NL
1,612,776 649,881 414,862 NO
1,404,845 566,094 361,375 PL
1,422,078 573,038 365,808 RO
1,612,776 649,881 414,862 SK
1,673,080 674,181 430,374 UK
Total land area for PV
Apy installations in square m2/MW 35,000 5

meters (m?)/MW
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Annual Operation &

54
Vpv Maintenance (O&M) EURIMW 17,213
ew Efficiency PV system % 90.0% Considering inverter ransformers, and |
1,421,401 880,278 680,336 AT
1,719,039 1,064,606 822,797 BE
1,453,021 899,860 695,470 BG
1,719,039 1,064,606 822,797 CH
1,404,579 869,860 672,284 Cz
1,376,547 852,500 658,867 DE
1,493,457 924,903 714,825 EL
1,497,234 927,242 716,632 ES 5
1,854,200 1,148,312 887,490 FR
Total system cost utility-
cwr scale wind turbines (WT) EUR/MW 2,038,235 1,262,285 975,576 HR
1,856,062 1,149,465 888,381 HU
1,536,174 951,357 735,270 IT
1,719,039 1,064,606 822,797 LT
2,102,215 1,301,908 1,006,199 NL
1,719,039 1,064,606 822,797 NO
1,497,408 927,350 716,716 PL
1,515,777 938,725 725,508 RO
1,719,039 1,064,606 822,797 SK
1,783,316 1,104,413 853,562 UK
Ay Total _Iand area for WT m2MW 150,000 28
installations
Vwr Annual O&M EUR/MW 25,455 54
- Efficiency WT system % 93.0% Considering transformers, and rectifier 55

efficiencies
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Total system cost

1,669,387 1,164,612

659,837

First installation in 2024

361,836 in 2031 | 257,151 in 2033

154,613 in 2034

For the electrolyzer, the 2024 installation

27

CEL Alkaline (ALK) EUR/MW : _ 1
electrolyzer also mclu_des project costs, while the
) . ) following installations refer only to the
329,625in 2041 | 215,813 in 2044 | 107,370 in 2045 stack component.
VgL, Annual O&M % CAPEX 3.0% 2.0% 1.0%
Energy demand ALK
MEL electrolyzer in kilowatt kWh/kg H; 52.1 50.3 47.3 2
hours (kWh)/kg H»
) N 9,791 First installation in 2024
cer Unit cost utility-scale H, EUR/kg H, 8.678 in 2034
compressors compressed per h Replacements 30
8,122 in 2044
Vep Annual O&M % CAPEX 4.0%
Energy demand kWh/kg H. 30
Tcp 2.0
compressors compressed
Cst Unit cost H, storage tanks | EUR/kg H; stored 455 56
Unit cost utility-scale Li- 423,475 372,444 275,311 First installation in 2024
ion battery system in - - -
Cp EUR/megawatt hour EUR/MWh 334,652 fn 2032 | 235,638 in 2039 | 162,536 in 2042 Replacements e
(MWh) 316,067 in 2040 - - :
VR Annual O&M % CAPEX 2.5%
& Charging efficienc % 92.7%
7)3 - x _g — Y > . Round trip efficiency 85%
ng Discharging efficiency % 92.7%
¢ Minimum number time 0 4
B intervals for full charge
Minimum number time
7§ intervals for full n 4
discharge
Ag Self-discharge coefficient % / day 0.2%
Cost transformer from
CTHVLY high voltage (HV) to low EUR 33,000,000 58

voltage (LV)
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Efficiency transformer

NTHVLY from HV to LV % 99.0% 55
NTLVHV Eﬁlﬁfgcﬁg atlgs;o\r/mer % 99.0% 55
Cost high voltage
cw aétﬁ(')ztggvsﬁgfgt EUR/Km 1,600,000 s
EUR/kilometer (km)
Distance from PV, WT,
d grid connection and km 5
EHPS
m Efficiency inverter % 97.0% 58
Grid input data
122 84 59 AT
205 88 40 BE
290 134 62 BG
304 123 51 CH
108 56 30 Cz
220 164 123 DE
167 82 41 EL
145 62 29 ES
Price grid electricity for 276 130 63 FR
o Eb”gfnigéﬂvb‘jﬁrﬁgm EUR/MWh 338 127 48 HR 59
(MWh) 109 52 28 HU
351 205 117 IT
151 82 46 LT
95 63 41 NL
126 31 9 NO
108 57 31 PL
173 99 58 RO
211 118 69 SK
697 235 82 UK
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23 23 22 AT
49 48 47 BE
108 105 102 BG
23 23 23 CH
116 113 110 cz
94 91 88 DE
135 131 127 EL
53 51 50 ES
Carbon intensity grid 18 17 17 FR
Ve o et | kg COzeMw 46 15 13 HR %
(CO2)/MWh 64 62 60 HU
64 63 61 IT
49 48 46 LT
99 96 94 NL
4 4 3 NO
211 205 200 PL
76 74 72 RO
31 30 30 SK
101 101 101 UK
- Transmlssgpidlosses from % 6% Considering 'é?r?sifé)nrcl?gg and rectifier 55

Supplementary Table 13 | Input parameters optimization models.
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Reference year 2019 2030 2050
L @ © 2 @ © Q @ ©
B = B 3 < k% B = k%
Case = S £ = S £ £ S E
A G I & G B & S |3
& x o) & 2 ) & o @)
Electrical efficiency 63% 67% | 70% | 65% | 68% | 71% | 70% | 75% | 80%
(% low heating value)
Unit cost in euro per megawatt (EUR/MW) installed € 1,202,543 € € € € € € € €
e 816,011 | 429,479 | 730,115 | 536,849 | 343,584 | 601,271 | 386,532 | 171,792
Energy demand in kilowatt hour per kilogram
hydrogen (KWhikg Hs) 53 50 48 51 49 47 48 45 42
Stack lifetime (operating hours) 60000 75000 90000 90000 95000 100000 | 100000 | 125000 | 150000
L (Lifetime in years) 7 9 10 10 11 11 11 14 17

Supplementary Table 14 | Alkaline (ALK) electrolyzer technical and economic characteristics. Authors' elaboration based on data from?7:60.61,
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_ . Electrolyzer technology
Input parameter Description Unit ML ALK SOE Note Source
638,339 1,164,612 4,117,381 First installation in 2024
55,544 in 257,151in | 921,429 in
Total system 2029. 2033 - 2028 -
cost 23,914 in 215,813 in 681,429 in
electrolyzer in 2034. 2044 2034 . _ For'the elec'grolyzer, the_2024
CEL euro per EUR/MW 17,704 in i 502,491 in | installation also includes project costs,
megawatt 2039 _ 2043 while the following installations refer
(EUR/MW) 11,495 in ) i only to the stack component.
2044 27,62,63
5,285 in
2049 i )
Energy
demand
electrolyzer in
NEL kilowatt hours kWh/kg H: 69.3 50.3 42.2
per kilogram
hydrogen
(kWh/kg Hy)

Supplementary Table 15 | Electrolyzer technology comparison. Three types of electrolyzer technology are considered: Membraneless electrolyzer (ML),
alkaline electrolyzer (ALK), and solid oxide electrolyzer (SOE). Data used in robustness analysis.
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