	
	
	



[bookmark: _Toc456357332]SUPPLEMENTARY MATERIAL

Review of Techno-Economic and Life-Cycle Assessment comparisons of hydrogen delivery options 

Alessandro Arrigoni, Tatiana D’Agostini, Francesco Dolci, Eveline Weidner

Contents
1	Life cycle inventory	2
1.1	Common activities for the transported hydrogen delivery pathways	2
1.2	Compressed hydrogen	6
1.3	Liquid hydrogen	7
1.4	Ammonia	8
1.5	LOHC	10
1.6	Methanol	13
2	Life cycle impact assessment	16
References	18
List of abbreviations and definitions	21
	
	
	




i
[bookmark: _Toc96081238]This document presents the inventories considered in the LCA part of the analysis (Section 1) and additional information regarding the life cycle impact assessment (Section 2). 
[bookmark: _Ref188616011][bookmark: _Toc188968134]Life cycle inventory
In this section, the inventories considered in the LCA part of the analysis are presented. For a more detailed description of the process along the delivery chain, as well as an in-depth sensitivity analysis on the inputs and outputs considered for the processes, the reader is referred to the Joint Research Centre (JRC) report on the LCA of hydrogen delivery options [1]. The CSV file compatible with SimaPro is also publicly accessible on Zenodo: 10.5281/zenodo.13928195.

[bookmark: _Toc96081257][bookmark: _Ref114492265][bookmark: _Toc188968135]Common activities for the transported hydrogen delivery pathways
[bookmark: _Toc96081259][bookmark: _Ref96459480][bookmark: _Ref114836838][bookmark: _Ref117339338][bookmark: _Ref154844753][bookmark: _Ref154844988][bookmark: _Ref154923626][bookmark: _Ref155284583][bookmark: _Ref164175078]Electricity generation
The inventory for solar electricity generation was based on the ecoinvent dataset for photovoltaic electricity in Portugal. Inputs were scaled down to match the GHG emission factor estimated by the Hydrogen Council [2] for hydrogen production via photovoltaic electricity in 2030 (i.e., 20 g CO2e/kWh, resulting in a carbon footprint of hydrogen of 1 kg CO2e/kg H2). 
For the electricity from the grid in the EU and in the Netherlands, mixes for 2030 aligned with the EU Fit for 55 plan were considered. The Fit for 55 plan targets a reduction in GHG emissions of at least 55 % by 2030 [3]​. The mixes were produced by E3Modelling via the PRIMES (price-induced market equilibrium system) model [4]. The complete electricity mixes for the EU and the Netherlands assumed for 2030, along with the related modelling assumptions for the LCA, are reported in Table S1. The same adjustments made for PV electricity datasets to reflect the average emission factors for 2030, as reported by the Hydrogen Council, were applied. The environmental impact of 1 kWh produced from PV is thus assumed to be the same in Portugal, the Netherlands, and Europe: 20 g CO2e/kWh. 
[bookmark: _Ref179563612]Table S1. Electricity mixes for the Netherlands and the EU in 2030 and their corresponding ecoinvent datasets adjusted to reflect the average emission factors for 2030 as reported by Hydrogen Council [2].
	Electricity source
	EU (%)
	NL (%)
	Ecoinvent dataset (electricity production)

	Nuclear energy
	16.3
	2.23
	Nuclear {NL}, pressure water reactor

	Biomass-waste
	5.30
	1.80
	Heat and power co-generation {NL}, biogas, gas engine 

	Hydro (lakes)
	6.03
	0.06
	Hydro {IT}, reservoir, alpine region

	Hydro (run of river)
	5.44
	0.00
	Hydro {NL}, run-of-river 

	Wind (onshore)
	26.4
	30.4
	Wind {NL}, >3MW turbine, onshore* 

	Wind (offshore)
	7.85
	28.0
	Wind {NL}, 1-3MW turbine, offshore*

	Solar
	13.8
	13.3
	Photovoltaic {NL}, 570kWp open ground installation, multi-Si*

	Geothermal heat
	0.23
	0.00
	Deep geothermal {DE}

	Solid fossil fuels
	4.40
	0.00
	Hard coal {NL} 

	Petroleum products
	0.26
	0.07
	Oil {NL}

	Natural gas
	14.0
	24.2
	Natural gas {NL}, combined cycle power plant (50 %)
Natural gas {NL}, conventional power plant (50 %)


Source: JRC [1]
[bookmark: _Ref117084838][bookmark: _Toc96081260][bookmark: _Ref118386301]Hydrogen losses
Potential losses that may be incurred throughout the delivery chain are, unless otherwise specified, accounted for. These are reported in the sections below. A reference loss of 0.1 % was assumed for each step of the delivery chain involving pure hydrogen handling whenever no information was available for a specific activity. This translates to an uncertainty range that was often above ± 10 %.
Renewable hydrogen production
Hydrogen is produced through water electrolysis using a PEM electrolyser with an average consumption of 50 kWh/kg H2 [5] and a hydrogen output pressure of 30 bar. The main inputs for hydrogen production are presented in Table S2. The full inventory for the PEM electrolyser is reported in Table S3, adapted from Table S9 of D’Angelo et al. [6]. The original inventory is for 5 MW PEM electrolysers in 2018 and in 2040. This data was interpolated to obtain the impact in 2030. Palladium was used as proxy for iridium due to the lack of inventory data for its production. More information about lifetime of the components is available in the orginal source.
[bookmark: _Ref114492531]Table S2. Inventory H2 production via PEM electrolysis
	Inputs
	
	

	Electricity
	50
	kWh

	Water (ultrapure)
	10
	kg

	Water (tap)
	5
	kg

	Outputs
	
	

	Hydrogen
	1.0
	kg

	Emission to air
	
	

	Hydrogen
	0.3
	g


Source: JRC [1]
[bookmark: _Ref179563765]Table S3. Electrolyser inventory
	Inputs
	
	

	Platinum {GLO}| market for | Cut-off, U
	4.97E-08
	kg

	Palladium {GLO}| market for | Cut-off, U
	4.97E-07
	kg

	Copper, anode {GLO}| market for copper, anode | Cut-off, U
	1.33E-06
	kg

	Steel, unalloyed {GLO}| market for | Cut-off, U
	2.94E-05
	kg

	Titanium, primary {GLO}| market for | Cut-off, U
	0.00035
	kg

	Aluminium, primary, ingot {IAI Area, EU27 & EFTA}| market for | Cut-off, U
	1.79E-05
	kg

	Tetrafluoroethylene {GLO}| market for | Cut-off, U
	3.55E-05
	kg

	Activated carbon, granular {GLO}| market for activated carbon, granular | Cut-off, U
	5.96E-06
	kg

	Metal part of electronics scrap, in copper, anode {GLO}| market for metal part of electronics scrap, in copper, anode | Cut-off, U
	5.46E-07
	kg

	Tetrafluoroethylene {GLO}| market for | Cut-off, U (for gasket)
	6.95E-06
	kg

	Acrylonitrile-butadiene-styrene copolymer {GLO}| market for | Cut-off, U (for gasket)
	1.42E-05
	kg

	Aniline {RER}| market for aniline | Cut-off, U (for gasket)
	4.37E-06
	kg

	Acetic anhydride {GLO}| market for acetic anhydride | Cut-off, U (for gasket)
	4.81E-06
	kg

	Purified terephthalic acid {GLO}| market for | Cut-off, U (for gasket)
	7.85E-06
	kg

	Nitric acid, without water, in 50 % solution state {RER w/o RU}| nitric acid production, product in 50 % solution state | Cut-off, U (for gasket)
	2.94E-06
	kg

	Hydrochloric acid, without water, in 30 % solution state {RER}| tetrafluoroethylene production | Cut-off, U (for gasket)
	1.16E-05
	kg

	Graphite {GLO}| market for | Cut-off, U (for gasket)
	3.84E-05
	kg

	Lubricating oil {RER}| market for lubricating oil | Cut-off, U (for gasket)  
	4.27E-08
	kg

	Water, decarbonised {DE}| market for water, decarbonised | Cut-off, U
	0.000977
	kg

	Water, deionised {Europe without Switzerland}| market for water, deionised | Cut-off, U
	0.00763
	kg

	Electricity, medium voltage {GLO}| market group for | Cut-off, U
	0.000891
	kWh

	Heat, district or industrial, natural gas {GLO}| market group for | Cut-off, U
	0.00784
	MJ

	Heat, from steam, in chemical industry {RER}| market for heat, from steam, in chemical industry | Cut-off, U
	6.23E-05
	MJ

	industrial machine, heavy, unspecified {RER}| market for industrial machine, heavy, unspecified | Cut-off, U
	1.42E-08
	kg

	Plaster mixing {GLO}| market for | Cut-off, U
	6.95E-05
	kg

	Calendering, rigid sheets {GLO}| market for | Cut-off, U
	6.95E-05
	kg

	Output
	
	

	Hydrogen
	1.00
	kg


Source: JRC [1], adapted from D’Angelo et al. [6]

Hydrogen compression and storage
A storage facility is assumed to be available at the production site. Due to their ability to store large amounts of gas, salt caverns were chosen as hydrogen storage, which have the capacity to meet the 3 days’ worth of hydrogen demand deemed necessary to guarantee a constant supply of hydrogen. To move and compress the output hydrogen from the electrolyser to the salt cavern (from 30 up to 120 bar), adiabatic compressors with 80% efficiency are assumed to be used, resulting in an energy consumption of 0.65 kWh/kg H2 [7]. 
For the delivery of compressed hydrogen, all hydrogen is assumed to be stored in the salt cavern before being transported by ship. For the other delivery options, only 1 % of the hydrogen produced is assumed to go through the salt cavern, with the rest going directly to the packing stage. After packing, the hydrogen or corresponding carrier is stored aboveground before transportation. It is assumed that 1 % of the hydrogen stored in the salt cavern leaks to the atmosphere [8]. After extraction from the cavern, hydrogen is assumed to be dried (0.104 kWh/t H2) before use [8]. The inventory for hydrogen storage used for the assessment is presented in Table S4. 

[bookmark: _Ref92381035]Table S4. Inventory salt cavern
	Inputs
	
	

	Hydrogen
	1.01
	kg

	Electricity (compression)
	0.65
	kWh

	Electricity (drying)
	0.10
	kWh

	Outputs
	
	

	Hydrogen
	1.00
	kg

	Emission to air
	
	

	Hydrogen
	10
	g


Source: JRC [1]
[bookmark: _Ref153058986][bookmark: _Toc96081261]Transportation
Two options were considered for transportation: shipping and pipelines. The main assumptions for each option are reported in this section. 
Ships
Capacity and fuel consumption for the different ships are taken from [7]. Greenhouse gas emissions from the combustion of biodiesel are taken from the inventory of the United States Environmental Protection Agency: 2.84 kg CO2, 42.0 mg CH4, and 150 g N2O per kg of biodiesel [9]. The ships are assumed to abide by the global limits set in MARPOL Annex VI [10], corresponding to a maximum sulphur content in the fuel of 0.5 % and a maximum of 7.7 g NOx emissions per unit of energy (kWh) produced by the engine. Therefore, emissions of 10 g SO2 and 40 g NOx per kg of biodiesel are considered. All sulphur present in the fuel is assumed to be converted to SO2, and an engine efficiency of 50% is considered to estimate NOx emissions. The emissions of other non-greenhouse gases were also included using, conservatively, the same factors reported on GaBi for heavy fuel oil burned in an oil tanker [11]: 2.78 g CO, 7.30 g PM2.5, and 30.9 g NMVOC per kg of biodiesel. These emissions are expected to reduce over time due to more stringent global and regional environmental regulations. Finally, an emission of 0.26 g of black carbon per kg of biodiesel burned was also assumed based on the IMO emission factors for heavy fuel oil [12]. As the fuel consumption of the ship was estimated to be only marginally affected by the use of exhaust gas cleaning systems (resulting in an increase of about 2 %), gas cleaning was not accounted for in our calculations.
In literature, ship fuel consumption is usually given in tonnes of heavy fuel oil or marine diesel. The same energy requirement was assumed when biodiesel was used instead. To calculate the mass of biodiesel required, the lower heating values (LHVs) for the different fuels were considered: 37.5 MJ/kg of biodiesel, 39 MJ/kg of heavy fuel oil, and 42.8 MJ/kg of marine diesel oil [13]. While the text gives the necessary number of ships in rounded figures, calculations were carried out using decimals, as ships would not travel half empty to the delivery site, and therefore only a share of the impact arising from the last ship is attributed to our functional unit. Inventories available on ecoinvent were used for the production and maintenance of ships assuming a ship lifetime of 30 years. Since the biodiesel dataset was not available on ecoinvent, a biodiesel mix composed of soy oil methyl ester (44 %), rapeseed oil methyl ester (26.5 %), refined canola oil from rapeseed (14.6 %), and palm oil methyl ester (0.3 %), available on the Environmental Footprint 3.1 database, was used. 
Pipelines
Delivery by pipeline is considered to be feasible for all hydrogen carriers but L-H2 due to the very low temperature required and the safety risks due to boil-off. The length of the pipeline is assumed to be equal to the shipping distance (2 500 km), and its lifetime is assumed to be 40 years. Most of the assumptions regarding materials and energy consumption for the transportation by pipeline are from a precedent JRC study [7] and ecoinvent [14]. The same low-alloyed steel (in different quantities) is assumed to be used for the pipes. Steel was modelled following the modelling of natural gas pipelines in Europe in ecoinvent, assuming a combination of unalloyed (63 %) and low-alloyed (37 %) steel. More information on pipeline construction and energetic consumption is reported in the following sections dedicated to the different carriers. Whether new hydrogen pipelines or repurposed existing pipelines are used does not affect the results in our attributional LCA, as the assessment attributes one year of pipeline usage to the hydrogen transported in that year. 
[bookmark: _Ref152942612][bookmark: _Toc96081262]Hydrogen combustion
Several activities along the delivery chain require heat. Whenever feasible, at the hydrogen production site heat is assumed to be provided by electricity, given the extensive assumed availability of cheap renewable electricity. Whenever the required temperature could not be easily achieved through electricity (e.g. the heat required for the direct air capture plant for the regeneration of the sorbent material), heat was assumed to be provided by a hydrogen boiler with an efficiency of 90 % [7]. Whenever heat is required at the hydrogen use site, such as for carrier dehydrogenation, extra hydrogen is assumed to be delivered to produce the heat necessary for these processes, as cheap renewable electricity is assumed to not be available at the use site. Unless otherwise stated in a specific section, hydrogen boilers are assumed to be used to produce heat also for these cases. The combustion of hydrogen in the boiler is assumed to incur a hydrogen loss of 0.5 % [15,16] and emit 6.82 g NOx/kg H2 based on data available on the GREET® model [17]. 
Infrastructure
Emissions from the construction of the required infrastructure throughout the hydrogen delivery chain are included in the assessment. When infrastructure data for specific processes was unavailable, generic data from the ecoinvent database was used. The infrastructure impacts are then normalized over the entire operational life.
For the catalysts utilized in the different processes, information found in the scientific literature was used. The reported values also factor in the lifetime of the catalyst and the additional materials required to replenish the catalyst over time. Whenever available, information about the catalyst’s lifetime is also reported. 
[bookmark: _Toc188968136]Compressed hydrogen
The only additional processes required to deliver hydrogen via compressed hydrogen are compression and transportation. From the cavern, hydrogen is assumed to be compressed either into gas cylinders (250 bar) for shipping, or into a pipeline (70 bar). Once transported, hydrogen is assumed to be stored in a salt cavern available at the delivery site. The hydrogen is then withdrawn from the cavern by the end user and is dried before use (Table S4).
Compressed hydrogen transportation
Ship
The capacity of the ships transporting compressed hydrogen (i.e., 1 370 t of hydrogen) was calculated from the dimensions of the ships transporting compressed natural gas [7]. Hydrogen is compressed to 250 bar for shipping, using the same assumptions for adiabatic compressors described above. This resulted in an energy demand of 1.05 kWh per kg of compressed hydrogen if processed directly from the electrolyser, where hydrogen is produced at 30 bar, and 0.77 kWh per kg of compressed hydrogen if extracted from the salt cavern, where hydrogen is assumed to have an average pressure of 50 bar. No inventory was available on ecoinvent for the ship transport of gaseous goods; therefore, data for an LNG tanker was used instead. The data was adapted to account for the different volumes transported by the ship modelled on ecoinvent and the one transporting compressed hydrogen. In total, 30 ships (rounded up from 29.1) and 534 kt of biodiesel are estimated to be necessary to deliver 1 Mt of compressed hydrogen over 2 500 km (i.e., more than 0.5 kg of fuel per kg of hydrogen delivered). Hydrogen losses of 0.1 % are assumed to take place during shipping.
Pipeline
Hydrogen pipelines are modelled based on the results presented in Ortiz Cebolla, Dolci, and Weidner [7]. The pipelines are assumed to operate between 70 and 30 bar, have an outer diameter of 86.4 cm, and a thickness of 3.2 cm. To maintain the hydrogen in the pipes between the operating pressure range, energy is required for initial compression (from 30 to 70 bar) and continuous recompression as the pressure drops. The energy demand for this process is 1.83 kWh per tonne of hydrogen transported per kilometre. Overall, the energy demand to deliver 1 Mt of hydrogen to the user would be 4.56 TWh. As for materials, 664 tonnes of steel were considered necessary per km of pipeline. The ecoinvent dataset for a long-distance low-capacity onshore natural gas pipeline was adjusted for a CH2 pipeline (Table S5) by scaling the values for the different pipeline dimensions. 1 % of the hydrogen delivered is assumed to be lost to the atmosphere during transportation [18].
[bookmark: _Ref111713941]Table S5. Compressed hydrogen pipeline inventory
	Inputs
	
	

	Steel, unalloyed
	418
	t

	Steel, low-alloyed
	246
	t

	Drawing of pipe, steel
	664
	t

	Pitch
	2.32
	t 

	Polyethylene
	4.64
	t 

	Sand
	1 950
	t 

	Electricity
	836
	MWh

	Outputs
	
	

	Pipeline
	1.00
	km


[bookmark: _Toc96081263]Source: JRC [1]
[bookmark: _Toc188968137]Liquid hydrogen
[bookmark: _Toc96081264]Hydrogen liquefaction
The inventory for hydrogen liquefaction is reported in Table S6. A hydrogen loss of 1.6 % was assumed during liquefaction based on Heuser et al. [19]. 
[bookmark: _Ref92295014]Table S6. Hydrogen liquefaction inventory
	Inputs
	
	

	Hydrogen (gas)
	1.02
	kg

	Electricity
	6.00
	kWh

	Outputs
	
	

	Hydrogen (liquid)
	1.00
	kg

	Emission to air
	
	

	Hydrogen
	0.016
	kg


Source: JRC [1]
[bookmark: _Toc96081265]Liquid hydrogen storage, transportation, and delivery	
Liquid hydrogen is stored in double-hulled cryogenic tanks. Boil-off, which can vary from a rate of 0.035 %/d for large tanks to 0.1-0.3 %/d for smaller tanks [20,21], is assumed to be vented. In the reference scenario, 0.21 % of the stored hydrogen is considered to be vented, assuming that hydrogen will be stored in large tanks for up to six days before shipping. 
Liquid hydrogen is assumed to be transported via tankers. Since only prototypes for hydrogen carriers are currently available, data for shipping was estimated from liquid natural gas (LNG) tankers [7]. The tanker is assumed to carry 9 800 tonnes of liquid hydrogen [7] and consume 19 g of biodiesel per tonne of hydrogen transported per kilometre. Biodiesel consumption was estimated from the fuel consumption reported in the ecoinvent dataset for LNG carriers. In total, 4 ships (rounded up from 3.7) and 47 kt of biodiesel are calculated to be required for the delivery, assuming it would take 3.5 days for the ships to reach the destination. For the L-H2 ships, it was conservatively assumed that twice the amount of materials used for LNG ships are needed. The inventory for LNG ships was taken from ecoinvent. A boil-off rate of 0.2 % per day, which is assumed to be vented, was considered for the shipping phase [7].  
At the delivery site, liquid hydrogen is stored again in cryogenic tanks. As the boil-off is in this case used directly by the consumer, no losses (i.e., hydrogen emissions) are considered before use. However, energy is used to compress the liquid hydrogen (assumed to be shipped at 5 bar) to the pressure required by the user (30 bar). Energy for the cryogenic pump is calculated from the formula provided by the hydrogen delivery scenario analysis model by the Argonne National Laboratory [22], resulting in a consumption of 0.0136 kWh/kg H2 delivered.

[bookmark: _Toc188968138]Ammonia
[bookmark: _Toc96081267]Ammonia synthesis
For the assessment, the ammonia synthesis plant was assumed to be fully electric [23], and the required electricity was assumed to be provided by the same solar plant feeding the electrolyser. Although 1 % of the hydrogen arrives to the transformation plant from the salt cavern at pressures exceeding 30 bar, it was conservatively assumed that all of the hydrogen input has a pressure of 30 bar. The energy consumption for ammonia synthesis is assumed to be 0.806 kWh/kg NH3, including nitrogen separation from air [7]. An iron-based catalyst composed of magnetite (92 wt.%), zeolite (5 wt.%), and lime (3 wt.%), was assumed to be used for the synthesis [6]. Figures reported from D’Angelo et al. were also considered for water consumption and process emissions (Table S7). 9 % of the water used for cooling is assumed to be consumed while the rest is returned to the water body [24]. For the plant infrastructure, generic data for a chemical factory from the ecoinvent database was used. 
[bookmark: _Ref85792685]Table S7. Ammonia synthesis inventory. Nitrogen is not explicitly listed among the inputs because the process utilizes air directly, and the energy required to separate nitrogen is accounted for within the electricity input.  
	Inputs
	
	

	Hydrogen
	0.18
	kg

	Electricity
	0.81
	kWh

	Iron-based catalyst
	0.055
	g

	Water (deionised)
	1.90
	L

	Water (cooling)
	150
	L

	Outputs
	
	

	Ammonia
	1
	kg

	Emissions to air
	
	

	Hydrogen
	0.77
	g

	Ammonia
	1.63
	g

	Nitrogen oxides
	1.0
	g


Source: JRC [1]
[bookmark: _Toc96081268]Ammonia storage
Liquid ammonia is stored in refrigerated tanks. A loss of 0.02 % is assumed [25], and the boil-off is assumed to be liquefied and recirculated in the tank [7]. The compressors keeping the ammonia refrigerated and re-liquifying the boil-off are assumed to have an electricity consumption of 0.068 kWh/kg NH3 [23,25]. 
Ammonia transportation
For transportation, both ships and pipelines were considered.
Ship
The inventory for shipping is modelled based on data for existing ammonia carriers [7]. To deliver 1 Mt of hydrogen over 2 500 km through ammonia, it is estimated that five ships (rounded up from 4.5) and 57 kt of biodiesel are necessary. Minimal loss (0.02 %) is assumed to happen during shipping; the boil-off is assumed to be captured, cooled down, and re-liquefied. Energy required to refrigerate the ammonia is included in the fuel consumption. As for the ship life cycle, the ecoinvent inventory for tankers for liquid goods was used for the assessment. 
Pipeline
Pipelines for ammonia are modelled from the results of Ortiz Cebolla, Dolci, and Weidner [7]. The operating pressure is assumed to be between 17 and 70 bar, with a flow rate of 0.37 m3/s. To transport one tonne of ammonia over one km, 0.034 kWh of electricity are assumed to be consumed, resulting in a total consumption of 623 GWh for the delivery of 1 Mt of hydrogen over 2 500 km. The outer diameter of the pipeline is assumed to be 43.2 cm, and the thickness 0.8 cm, requiring 81.7 tonnes of steel per km of pipeline. For the remaining materials (i.e., pitch, plastic, and sand), the same inventory in Table S5 for compressed hydrogen pipelines is used. 
[bookmark: _Toc96081269]Ammonia dehydrogenation and hydrogen delivery
To extract hydrogen, ammonia needs to be cracked. The inventory and relevant sources used for the process are reported in Table S8. The cracking process is assumed to have the same loss as ammonia storage (0.02 %). The hydrogen exiting the cracker is assumed to be at 99.97 % purity and at 240 bar [26], so no further compression is required for either salt cavern storage or delivery. A portion of the delivered ammonia is assumed to be used to provide heat for the reaction. Stoichiometrically, 5.67 kg of ammonia are needed per kg of hydrogen produced; an additional 1.63 kg of ammonia are therefore assumed to be needed in the process. For the catalyst, a mixture of magnesium oxide (94 %) and nickel oxide (6 %) was considered [27]. Zeolite powder was assumed to be used as an adsorbent material for hydrogen purification via pressure swing adsorption [28]. For the plant infrastructure, generic data for a chemical factory from the ecoinvent database was used.
[bookmark: _Ref92292214]Table S8. Ammonia cracking
	Inputs
	
	

	Ammonia
	7.30
	kg

	Electricity
	4.86
	kWh

	Nickel-based catalyst
	1.46
	g

	Zeolite powder
	0.88
	g

	Outputs
	
	

	Hydrogen
	1.00
	kg

	Emissions to air
	
	

	Ammonia
	7.05
	mg

	Nitrous oxide (N2O)
	4.89
	mg

	Nitrogen oxide (NO)
	14.2
	mg

	Nitrogen dioxide (NO2)
	2.04
	g

	Hydrogen
	0
	g


Source: JRC [1]
[bookmark: _Toc96081270]
[bookmark: _Toc188968139]LOHC
[bookmark: _Toc96081271]LOHC hydrogenation
The LOHC chosen for the study is dibenzyltoluene (DBT). The inventory for its production was obtained from Wulf et al. [8]. During production, 0.41 kg of hydrochloric acid are produced per kg of DBT; since no information was available on the use of hydrochloric acid [29], all the impacts from the production process were attributed to DBT. This LOHC is assumed to be stored in standard steel tanks, using the dataset from ecoinvent for the life cycle inventory. The inventory for the subsequent hydrogenation phase is presented in Table S9. 
[bookmark: _Int_hW1cEV0h]After dehydrogenation, DBT can be reused, and therefore the amount of DBT required per kg of hydrogen delivered is lower than that shown in Table S9. Calculations show that a production of 1.62 Mt of DBT-H0 is necessary to guarantee a continuous supply of hydrogen at the delivery site (2 740 t H2/d) [7]. Moreover, this amount of DBT could be used for much longer than one year: according to HySTOC, DBT could be reused more than 750 times. In the present study, the same DBT molecules are assumed to be reused 24 times within a single year, allowing the produced DBT to be reused for the same application for approximately 30 years. Only one thirtieth of the DBT production impact was therefore allocated to the hydrogen delivered in the first year. The amount of heat generated from the exothermic reaction was estimated from HySTOC [30], and was assumed to be lost. For the plant infrastructure, generic data for a chemical factory from the ecoinvent database was used.
[bookmark: _Ref88579759]Table S9. LOHC hydrogenation
	Inputs
	
	

	DBT-H0
	15.3
	kg

	Hydrogen
	1
	kg

	Electricity
	0.37
	kWh

	Platinum 
	0.16
	mg

	Aluminium oxide
	32
	mg

	Water (cooling)
	1.4
	L

	Outputs
	
	

	DBT-H18
	16.3
	kg

	Heat
	5.64
	kWh

	Emissions to air
	
	

	Hydrogen
	1
	g


Source: JRC [1]
[bookmark: _Toc96081272]LOHC storage
No energy consumption was assumed for the storage of LOHC, which can be stored in the same double walled containers used for crude oil or diesel. The same inventory used for the storage of DBT was considered for the hydrogenated compound.
LOHC transportation
Since the dehydrogenation process of DBT is endothermic, additional heat is required at the hydrogen use site. This heat is assumed to be provided by hydrogen, requiring extra hydrogen to be produced and transported in the form of a LOHC. Two transportation options were considered: ship and pipelines. 
Ship 
Four ships (rounded up from 3.9) with a capacity of 320 kt were calculated to be needed (assuming that the ships are filled at 90 % of their capacity), consuming approximately 77 kt of biodiesel in total.
Pipeline
Two pipelines are necessary in the case of LOHC: one to deliver the hydrogenated carrier to the use site, and one to transport back the dehydrogenated compound to the hydrogenation facility. The operating pressure is assumed to be between 10 and 70 bar in both cases, with an outbound flowrate of 0.91 m3/s. Approximately 0.026 kWh of electricity are assumed to be consumed from the average EU grid mix to transport one tonne of hydrogenated DBT over one km, and 0.015 kWh/km to transport one tonne of dehydrogenated DBT back [7]. This results in a total energy consumption of 2.71 TWh for the transport of DBT to and from the end user to deliver 1 Mt of hydrogen. The outbound pipeline is assumed to have an outer diameter of 86.4 cm and a thickness of 3.2 cm, while the inbound pipeline is slightly smaller, with an outer diameter of 81.3 cm and a thickness of 3.1 cm. For these specifications, 664 tonnes of steel per km of outbound pipeline and 592 tonnes per km of inbound pipeline are required. The same mix of low-alloyed and unalloyed steel considered for the natural gas pipelines in the ecoinvent dataset was assumed.
[bookmark: _Toc96081273]LOHC dehydrogenation and H2 delivery
The hydrogenated LOHC is stored in containers at the port before being sent to the dehydrogenation unit. The inventory for the dehydrogenation process is reported in Table S10. The amount of electricity reported in Table S10 includes the purification of hydrogen via pressure swing adsorption. The information on the catalysts used for the process was taken from Wulf et al. [8]. For the plant infrastructure, generic data for a chemical factory from the ecoinvent database was used. The hydrogen generated from the dehydrogenation process is assumed to have a pressure of 2 bar. Further compression is therefore required to deliver the hydrogen at 30 bar (1.3 kWh/kg H2) or to store it in a salt cavern (2.0 kWh/kg H2). Similarly to the other carriers, 99 % of the unpacked hydrogen is assumed to be sent directly to the user from the unpacking unit, while 1 % is temporarily stored in the salt cavern. 
[bookmark: _Ref88737730]
[bookmark: _Ref161061690]Table S10. LOHC dehydrogenation inventory
	Inputs
	
	

	DBT-H18
	16.3
	kg

	DBT-H18 (for heat)
	10
	kg

	Electricity
	2
	kWh

	Platinum 
	0.16
	mg

	Aluminium oxide
	32
	mg

	Water (cooling)
	358
	L

	Outputs
	
	

	Hydrogen
	1
	kg

	Emissions to air
	
	

	Hydrogen
	3.1
	g

	Nitrogen oxides
	4.2
	g


[bookmark: _Toc96081274]Source: JRC [1]

[bookmark: _Toc188968140]Methanol
[bookmark: _Ref92384146][bookmark: _Toc96081275]CO2 production
Synthesis of methanol requires carbon dioxide. In this assessment, CO2 is assumed to be obtained via direct air capture (DAC). The inventory and sources used for the assessment are presented in Table S11. The thermal energy required for the process is assumed to be provided by a hydrogen boiler with an efficiency of 90 % [7]. For the sorbent, a generic organic chemical was considered [31].

[bookmark: _Ref95753624]Table S11. CO2 production
	Inputs
	
	

	Hydrogen
	0.05
	kg

	Electricity
	0.5
	kWh

	Sorbent
	7.5
	g

	Water (cooling)
	4.7
	L

	Outputs
	
	

	Carbon dioxide
	1.00
	kg

	Emission to air
	
	

	Hydrogen
	0.25
	g


Source: JRC [1]

[bookmark: _Toc96081276]Methanol synthesis
[bookmark: _Int_SVLPU14A]The inputs required to produce methanol are reported in Table S12. The factory is assumed to run fully on electricity, covering the energy needs of synthesis, heating, cooling, and pumping. For heating and cooling, an electric boiler with a 95 % efficiency is assumed to be used [7]. A Cu-based catalyst with aluminium oxide acting as structural promoter was considered for the synthesis [32], with a composition of 64 % CuO, 24 % ZnO, and 12 % Al2O3, and a lifetime of 2-5 years [33]. For the infrastructure, a methanol factory dataset from the ecoinvent database was used. The dataset mainly comprises materials such as concrete, steel, zinc, copper, and nickel.

[bookmark: _Ref92204436]Table S12. Methanol synthesis inventory
	Inputs
	
	

	Hydrogen
	0.199
	kg

	Carbon dioxide
	1.46
	kg

	Electricity
	0.639
	kWh

	Copper-based catalyst
	133
	mg

	Water (cooling)
	92.3
	L

	Outputs
	
	

	Methanol
	1.00
	kg

	Emissions to air
	
	

	Carbon dioxide
	0.085
	kg

	Hydrogen
	0.2
	g


Source: JRC [1]

[bookmark: _Toc96081277]Methanol storage
Methanol is assumed to be stored in steel tanks, and no energy consumption nor methanol losses were considered [7]. 
[bookmark: _Toc96081278]Methanol transportation
Two options were considered to transport methanol: ship and pipelines.
Ship 
Data from a real methanol deep sea tanker was used for shipping. This tanker has a maximum methanol capacity of 41 500 t, an average speed of 29.6 km/h, and a fuel consumption of 33.4 t HFO/d [7]. Based on this speed and capacity, 6 ships (rounded up from 5.2) and 48 kt of biodiesel were determined to be required to deliver all the necessary hydrogen (i.e., 6.8 g biodiesel per kg of methanol transported). For the ship life cycle, the inventory of a tanker carrying liquid goods available on ecoinvent was used.
Pipeline 
[bookmark: _Int_XgwPb8LH]In the pipeline scenario, methanol is assumed to be transported at 70 bar using dedicated pipelines. The pressure loss before each pump, spaced 80 km apart, is calculated to be 45 bar [7]. The pipeline is assumed to have an outer diameter of 43 cm and a thickness of 7.8 mm, resulting in 82 tonnes of steel used per km. The same mix of low-alloyed and unalloyed steel considered for the natural gas pipelines in the ecoinvent dataset was used. Electricity (average EU mix in 2030) was assumed to be used during the pipeline installation and operation, and a lifetime of 40 years was considered. The transportation of a tonne of methanol is assumed to have an electricity consumption of 0.022 kWh per km (i.e., 390 GWh to deliver 1 Mt of hydrogen). No losses were considered.

[bookmark: _Ref151727408]Methanol dehydrogenation and hydrogen delivery
[bookmark: _Int_9wo8Ocfv]Methanol is stored in steel tanks at the delivery site before being sent to the dehydrogenation unit. The heat required for the dehydrogenation of methanol is assumed to be provided by methanol itself [7]. The inventory for the process is presented in Table S13. Stoichiometrically, 5.3 kg methanol are needed per kg of hydrogen; 1.7 kg of additional methanol are therefore assumed to be needed for heat purposes. Moreover, 0.5 kWh of electricity are assumed to be needed for the process [34]. Nickel-based, and Fe-Cr and Cu-Zn composite catalysts were considered for the reforming stage and water gas shift reaction, respectively, based on the work of Antonini et al. [28] and ecoinvent [14]. The Fe-Cr and Cu-Zn composite catalyst is assumed to be composed of ferric oxide (29 %), chromium oxide (3 %), copper oxide (33 %), and zinc oxide (35 %). The CO2 generated during the reforming process is assumed to be released into the atmosphere. For the plant infrastructure, generic data for a chemical factory from the ecoinvent database was used. Hydrogen is assumed to leave the reforming plant at 10 bar, requiring additional compression for delivery (0.5 kWh/kg H2 delivered) or storage (1.3 kWh/kg H2 stored). Similarly to the previous carriers, 99 % of the hydrogen is supplied directly to the user from the dehydrogenation unit, while 1 % ends up in temporary storage. The purity of hydrogen exiting the reforming plant is assumed to be 99.97 % [7].

[bookmark: _Ref92211191]Table S13. Methanol reforming inventory
	Inputs
	
	

	Methanol
	7.06
	kg

	Electricity
	0.50
	kWh

	Nickel-based catalyst
	0.20
	g

	Fe-Cr and Cu-Zn catalyst
	1.1
	g

	Zeolite powder
	0.88
	g

	Water, cooling
	380
	L

	Water, deionised
	3.8
	kg 

	Outputs
	
	

	Hydrogen
	1.00
	kg

	Emissions to air
	
	

	Carbon dioxide
	9.7
	kg

	Hydrogen
	2.5
	g


Source: JRC [1]


[bookmark: _Ref188616019][bookmark: _Toc188968141]Life cycle impact assessment
In this section, we provide detailed information on the methodology used for the life cycle impact assessment and present the results. Table S14 lists the weighting factors applied to derive the single-score results, while Fig. S1 illustrates these single-score results categorized by impact type. For comparison, we also include the single-score impact of producing hydrogen on-site in the Netherlands via wind electrolysis (referred to as "on-site" in Fig. S1). The results indicate that, when feasible, producing renewable hydrogen on-site results in lower environmental impacts compared to importing it from distant locations. Among the imported options, liquid hydrogen emerges as the option with the lowest impact. The environmental impact categories that contribute most significantly to the single score are mineral and metal usage, climate change, water usage, and fossil resource consumption. For more detailed information on the sources of impact across all categories, readers are encouraged to refer to the original LCA report [1].

[bookmark: _Ref188615774]Table S14. Weighting factors for the different environmental impact categories as recommended by the EF method.
	Impact category
	Weighting factor (%)

	Acidification
	6.20

	Climate change
	21.06

	Ecotoxicity, freshwater
	1.92

	Particulate matter
	8.96

	Eutrophication, marine
	2.96

	Eutrophication, freshwater
	2.80

	Eutrophication, terrestrial
	3.71

	Human toxicity, cancer
	2.13

	Human toxicity, non-cancer
	1.84

	Ionising radiation
	5.01

	Land use
	7.94

	Ozone depletion
	6.31

	Photochemical ozone formation
	4.78

	Resource use, fossils
	8.32

	Resource use, minerals and metals
	7.55

	Water use
	8.51


Source: Sala, Cerutti, and Pant [35]
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[bookmark: _Ref188627683]Fig. S1 Single-score impact assessment results after normalization and weighting according to the Environmental Footprint method. Results are expressed in milli-points (mPt) per kilogram of hydrogen delivered.
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[bookmark: _Toc96081295][bookmark: _Toc188968143]List of abbreviations and definitions
CCS	Carbon capture and storage
C-H2	Compressed hydrogen
CO	Carbon monoxide
DAC	Direct air capture
DBT	Dibenzyltoluene
EF	Environmental footprint
GHG	Greenhouse gas
GLO	“Global” as geographic region in the ecoinvent datasets
GWP	Global warming potential
HFO	Heavy fuel oil
JRC	Joint Research Centre
L-H2	Liquid hydrogen
LHV	Lower heating value
LOHC	Liquid organic hydrogen carrier
MeOH	Methanol
[bookmark: _Int_BZUxqy8u]Mt	Million tonnes
NH3	Ammonia
[bookmark: _Int_SJhaPkHQ]NMVOC	Non-methane volatile organic compound
NOx	Nitrogen oxides
PEM	Proton exchange membrane
PM10	Particulate matter with a diameter of 10 micrometres or smaller
PRIMES	Price-induced market equilibrium system
PV	Photovoltaic
RER	“Europe” as geographic region in the ecoinvent datasets 
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