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Supporting information

S1 Supporting information for chapter 2

S1.1 Unit process data of nine Hz> technologies

The unit process data of nine H, technologies are shown in below. Inputs, which are
supplied from own processes, i.e. processes not already contained in the premise pLCI
database, are marked with an asterisk (*).

Table S1.1. Life cycle inventory of gaseous H: production (1 kg, 30 bar, 99.8% purity) by CG.

Exchanges Amount Unit Data source

Economic flows

market for chemical factory, organics 7.00E-10 unit 7
market for hard coal 8.51 kilogram 70
market for lime, packed 1.68E-01 kilogram 7
market for liquid storage tank, chemicals, organics 3.97E-09 unit 7
market group for transport, freight train 1.14 ton kilometer 7
market for water, deionised 11.28 kilogram 70
market group for transport, freight, inland waterways, barge 4.24E-01 ton kilometer 7
market (group) for electricity, low voltage -3.18 kilowatt hour 70
treatment of hard coal ash, residual material landfill -5.05E-01 kilogram 7
treatment of waste gypsum, inert material landfill -2.28E-01 kilogram 7

Environmental flows

Ammonia (to air) 6.93E-03 kilogram 7
Carbon dioxide, fossil (to air) 21.42 kilogram 70
Hydrogen chloride (to air) 1.04E-02 kilogram 7

Table S1.2. Life cycle inventory of gaseous Hz production (1 kg, 30 bar, 99.8% purity) by CG CCS.

Exchanges Amount Unit Data source

Economic flows
CO: storage/at H2 production plant, pre, pipeline 400km, storage

3000m 20.39 kilogram 73
market for chemical factory, organics 7.00E-10 unit 71
market for hard coal 9.7 kilogram 73
market for lime, packed 1.68E-01 kilogram 7
market for liquid storage tank, chemicals, organics 3.97E-09 unit 71
market group for transport, freight train 1.14 ton kilometer 7
market for water, deionised 38.08 kilogram 73
market (group) for electricity, high voltage 1.36 kilowatt hour 73
market group for transport, freight, inland waterways, barge 4.24E-01 ton kilometer 71
treatment of hard coal ash, residual material landfill -5.05E-01 kilogram 7
treatment of waste gypsum, inert material landfill -2.28E-01 kilogram 7
Selexol (Dimethylether of polyethylene glycol)®* 1.43E-04 kilogram 37
TG%rll;\(/a\;c ;T;:S?:a;i:lmp, heat and power co-generation unit, 2 01E-07 unit 3
market for absorption chiller, 100kW? 4.02E-07 unit 37
market for gas turbine, 10MW electrical® 2.01E-07 unit 37
market for liquid storage tank, chemicals, organics? 5.57E-08 unit 37
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market for pump, 40W?

treatment of spent solvent mixture, hazardous waste

incineration?
Environmental flows

Water, cooling, unspecified natural origin (natural resource, in

water)?
Ammonia (to air)

Carbon dioxide, fossil (to air)

Hydrogen chloride (to air)

2.01E-07 unit

-1.43E-04 kilogram
1.70E+00 cubic meter
6.93E-03 kilogram
2.27 kilogram
1.04E-02 kilogram

37

37

37

71

73

71

a. These processes are used for CO2 capture. The values are corresponding to capturing 20.39 kg COa.

Table S1.3. Life cycle inventory of Selexol (1 kg).

Exchanges Amount Unit
Economic flows

market for dimethyl sulfate 0.96 kilogram
market for methanol 0.16 kilogram
market for transport, freight train 0.6 ton kilometer
market for transport, freight, lorry, unspecified 0.05 ton kilometer
market for triethylene glycol 0.62 kilogram

Source: Volkart, Bauer, and Boulet®

Table S1.4. Life cycle inventory of gaseous Hz production (1 kg, 25 bar, 99.97% purity) by NG SMR.

Exchanges Amount Unit
Economic flows

market for chemical factory, organics 5.35E-10 unit
market for aluminium oxide, metallurgical 5.33E-04 kilogram
market for chromium oxide, flakes 3.60E-05 kilogram
market for copper oxide 3.62E-04 kilogram
market for liquid storage tank, chemicals, organics 2.55E-09 unit
market for magnesium oxide 2.80E-05 kilogram
market for molybdenum trioxide 1.67E-05 kilogram
market for nickel, class 1 2.03E-04 kilogram
market for portafer 3.12E-04 kilogram
market for quicklime, milled, packed 4.80E-05 kilogram
market for silica sand 1.16E-05 kilogram
market for water, deionised 7.54E+00 kilogram
market for zeolite, powder 8.83E-04 kilogram
market for zinc oxide 3.71E-04 kilogram
market (group) for electricity, high voltage -1.23331 kilowatt hour
market for natural gas, high pressure 3.919176 cubic meter
Environmental flows

Acetaldehyde (to air) 3.07E-08 kilogram
Acetic acid (to air) 4.6E-06 kilogram
Benzene (to air) 1.23E-05 kilogram
Benzo(a)pyrene (to air) 3.07E-10 kilogram
Butane (to air) 2.15E-05 kilogram
Carbon dioxide, fossil (to air) 8.922294 kilogram
Carbon monoxide, fossil (to air) 6.44E-05 kilogram
Dinitrogen monoxide (to air) 3.07E-06 kilogram
Formaldehyde (to air) 3.07E-06 kilogram
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Mercury (to air)

Methane, fossil (to air)

Nitrogen oxides (to air)

PAH, polycyclic aromatic hydrocarbons (to air)
Particulates, < 2.5 um (to air)

Pentane (to air)

Propane (to air)

Propionic acid (to air)

Sulfur dioxide (to air)

Toluene (to air)

Water, cooling, unspecified natural origin (natural resource, in water)

9.2E-10

6.14E-05
5.49E-04
3.07E-07
6.14E-06
3.68E-05
6.14E-06
6.14E-07
1.69E-05
6.14E-06
3.80E-01

kilogram
kilogram
kilogram
kilogram
kilogram
kilogram
kilogram
kilogram
kilogram
kilogram

cubic meter

Source: Antonini et al.%8

Table S1.5. Life cycle inventory of gaseous Hz production (1 kg, 25 bar, 99.97% purity) by NG SMR CCS.

Exchanges Amount Unit
Economic flows

CO2 storage/at H2 production plant, pre, pipeline 400km, storage 3000m  5.664958 kilogram
market for chemical factory, organics 5.35E-10 unit
market for aluminium oxide, metallurgical 5.33E-04 kilogram
market for chromium oxide, flakes 3.60E-05 kilogram
market for copper oxide 3.62E-04 kilogram
market for diethanolamine 1.93E-04 kilogram
market for liquid storage tank, chemicals, organics 2.55E-09 unit
market for magnesium oxide 2.80E-05 kilogram
market for molybdenum trioxide 1.67E-05 kilogram
market for nickel, class 1 2.03E-04 kilogram
market for portafer 3.12E-04 kilogram
market for quicklime, milled, packed 4.80E-05 kilogram
market for silica sand 1.16E-05 kilogram
market for water, deionised 7.54E+00 kilogram
market for zeolite, powder 8.83E-04 kilogram
market for zinc oxide 3.71E-04 kilogram
market (group) for electricity, high voltage -2.00E-01 kilowatt hour
market for natural gas, high pressure 3.856157 cubic meter
Environmental flows

Acetaldehyde (to air) 2.82E-08 kilogram
Acetic acid (to air) 4.23E-06 kilogram
Benzene (to air) 1.13E-05 kilogram
Benzo(a)pyrene (to air) 2.82E-10 kilogram
Butane (to air) 1.97E-05 kilogram
Carbon dioxide, fossil (to air) 3.119275 kilogram
Carbon monoxide, fossil (to air) 5.92E-05 kilogram
Dinitrogen monoxide (to air) 2.82E-06 kilogram
Formaldehyde (to air) 2.82E-06 kilogram
Mercury (to air) 8.45E-10 kilogram
Methane, fossil (to air) 5.63E-05 kilogram
Nitrogen oxides (to air) 5.04E-04 kilogram
PAH, polycyclic aromatic hydrocarbons (to air) 2.82E-07 kilogram
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Particulates, < 2.5 um (to air) 5.63E-06 kilogram

Pentane (to air) 3.38E-05 kilogram
Propane (to air) 5.63E-06 kilogram
Propionic acid (to air) 5.63E-07 kilogram
Sulfur dioxide (to air) 1.55E-05 kilogram
Toluene (to air) 5.63E-06 kilogram
Water, cooling, unspecified natural origin (natural resource, in water) 3.80E-01 cubic meter

Source: Antonini et al.%®

Table S1.6. Life cycle inventory of gaseous Hz production (1 kg, 26 bar, 99.97% purity) by BG.

Exchanges Amount Unit

Economic flows

market for liquid storage tank, chemicals, organics 2.55E-09 unit

market for water, deionised 15.90552 kilogram
market for wood chips, wet, measured as dry mass 11.6966 kilogram
market (group) for electricity, low voltage 1.368832 kilowatt hour
synthetic gas factory construction 5.35E-10 unit
treatment of wastewater, average, capacity 1E9l/year -1.24E-02 cubic meter

Environmental flows
Carbon dioxide, non-fossil (to air) 21.19664 kilogram
Source: Antonini et al.3®

Table S1.7. Life cycle inventory of gaseous Hz production (1 kg, 26 bar, 99.97% purity) by BG CCS.

Exchanges Amount Unit E;tfr‘ce
Economic flows

CO:. storage/at Hz production plant, pre, pipeline 400km, storage 3000m 18.02775 kilogram 39
market for liquid storage tank, chemicals, organics 2.55E-09 unit 39
market for water, deionised? 16.3391 kilogram 39,85
market for wood chips, wet, measured as dry mass 11.6966 kilogram 39
market (group) for electricity, low voltage 4.756841 kilowatt hour 3°
market for diethanolamine 1.76E-04 kilogram 8
synthetic gas factory construction 5.35E-10 unit 39
treatment of wastewater, average, capacity 1E9l/year? -1.29E-02 cubic meter 398
Environmental flows

Water, cooling, unspecified natural origin (from natural resource)? 1.496476 cubic meter
Carbon dioxide, non-fossil (to air) 3.168898 kilogram 39

a. The added amounts compared with the BG process are corresponding to capturing 18.02775 CO..

Table S1.8. Life cycle inventory of gaseous Hz production (1 kg, 30 bar, 99.99% purity) by AE powered by grid electricity.

Exchanges Amount Unit sD(?:?ce
Economic flows

electrolyzer, AE, Balance of Plant* 2.99E-07 unit Calculation
electrolyzer, AE, Stack* 8.97E-07 unit Calculation
market for potassium hydroxide 3.70E-03 kilogram 40

market (group) for electricity, low voltage® 49.75 kilowatt hour  Calculation
market for water, deionised 12 kilogram 98

Environmental flows

Water, cooling, unspecified natural origin (natural resource, in water) 0.0881 cubic meter 40
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Oxygen (to air) 8 kilogram 40

a. In the sensitivity analysis, for solar PV, onshore wind and hydro power, the processes of power generation “electricity
production, photovoltaic, 570kWp open ground installation, multi-Si”, “electricity production, wind, 1-3MW turbine,
onshore” and “electricity production, hydro, reservoir, tropical region (alpine region)” are used. If the process of hydro
power from reservoir is not available in specific region, the process of “electricity production, hydro, run-of-river” is

used.

Table S1.9. Life cycle inventory of AE’s BoP production (1 MW).

Exchanges Amount Unit SD::?CG
Economic flows
market for cast iron 716.1 kilogram 40
market for concrete, 35MPa 7.7 cubic meter 40
market for electronics, for control units 100 kilogram 40
market for ethylene glycol 7 kilogram 40
market for extrusion, plastic pipes 464.6 kilogram 40
market for glass fibre 464.6 kilogram 40
market for injection moulding 3 kilogram 40
market for aluminium, wrought alloy 160 kilogram 40
market for copper, cathode 616.7 kilogram 40
market for polyethylene, low density, granulate 467.4 kilogram 40
market for reinforcing steel 5134.4 kilogram 40
market for sheet rolling, aluminium 100 kilogram 40
market for sheet rolling, chromium steel 6697.8 kilogram 40
market for sheet rolling, steel 10130 kilogram 40
market for steel, chromium steel 18/8, hot rolled 6697.8 kilogram 40
market for steel, low-alloyed, hot rolled 6075.6 kilogram 40
market for tube insulation, elastomere 207.9 kilogram 40
market for welding, arc, steel 29 meter 40
market for wire drawing, copper 616.7 kilogram 40
market (group) for electricity, low voltage 37113.5 kilowatt hour 40
Environmental flows
Transformation, from industrial area (natural resource, land) 135 square meter 7
Transformation, to industrial area (natural resource, land) 135 square meter 7
Occupation, industrial area (natural resource, land) 2700 square meter-year %7
Source: Gerloff*
Table S1.10. Life cycle inventory of AE’s stack production (1 MW).
Exchanges Amount Unit
Economic flows
market for sheet rolling, chromium steel 20194.4 kilogram
market for steel, chromium steel 18/8, hot rolled 20194.4 kilogram
market for nickel, class 1 2884.9 kilogram
market for tetrafluoroethylene 144.2 kilogram
market for polysulfone 48.8 kilogram
market for zirconium oxide 73 kilogram
market (group) for electricity, low voltage 95553.3 kilowatt hour

Source: Gerloff4°

Table S1.11. Life cycle inventory of gaseous Hz production (1 kg, 30 bar, 99.99% purity) by PEM powered by grid electricity.
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Data

Exchanges Amount Unit source
Economic flows
electrolyzer, PEM, Balance of Plant* 3.45E-07 unit Calculation
electrolyzer, PEM, Stack* 1.04E-06 unit Calculation
market (group) for electricity, low voltage 57.47 kilowatt hour Calculation
market for water, deionised 12 kilogram 99
Environmental flows
Water, cooling, unspecified natural origin (natural resource, in water) 0.0881 cubic meter “°
Oxygen 8 kilogram 40
Table S1.12. Life cycle inventory of PEM’s BoP production (1 MW).
Exchanges Amount Unit SD;ltjfce
Economic flows
market for aluminium, wrought alloy 260 kilogram 40
market for cast iron 600 kilogram 40
market for copper, anode 345 kilogram 40
market for electronics, for control units 100 kilogram 40
market for ethylene glycol 7 kilogram 40
market for extrusion, plastic pipes 464.6 kilogram 40
market for injection moulding 300 kilogram 40
market for lubricating oil 100 kilogram 40
market for polyethylene, low density, granulate 464.6 kilogram 40
market for polypropylene, granulate 300 kilogram 40
market for reinforcing steel 3312.3 kilogram 40
market for sheet rolling, aluminium 200 kilogram 40
market for sheet rolling, chromium steel 4327 kilogram 40
market for sheet rolling, copper 100 kilogram 40
market for sheet rolling, steel 5382.3 kilogram 40
market for steel, chromium steel 18/8, hot rolled 4327 kilogram 40
market for steel, low-alloyed 3150 kilogram 40
market for tube insulation, elastomere 115 kilogram 40
market for welding, arc, steel 29 meter 40
market for wire drawing, copper 245 kilogram 40
market for zeolite, powder 100 kilogram 40
market for concrete, 35MPa 2.3 cubic meter 40
market (group) for electricity, low voltage 50000 kilowatt hour 40
Environmental flows
Transformation, from industrial area (natural resource, land) 105 square meter 97
Transformation, to industrial area (natural resource, land) 105 square meter 97
Occupation, industrial area (natural resource, land) 2100 square meter-year %’
Table S1.13. Life cycle inventory of PEM’s stack production (1 MW).
Exchanges Amount Unit Data source
Economic flows
market for titanium 528 kilogram 41
market for aluminium, wrought alloy 27 kilogram 41
market for sheet rolling, aluminium 27 kilogram 4
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market for steel, chromium steel 18/8, hot rolled 100

market for sheet rolling, chromium steel 100
market for copper, anode 4.5
market for sheet rolling, copper 4.5
market for activated carbon, granular 9

market for tetrafluoroethylene 9.184
market for sulfuric acid 6.816
market for platinum 0.075
market for synthetic rubber 4.8
market for iridium* 0.75
market (group) for electricity, low voltage 103890.8

kilogram
kilogram
kilogram
kilogram
kilogram
kilogram
kilogram
kilogram
kilogram

kilogram

41

41

41

41

41

41,96

41,96

41

40

41

kilowatt hour 40

Table S1.14. Life cycle inventory of market for iridium (1 kg).

Exchanges Amount Unit
Economic flows

market for electricity, low voltage 54212.21 kilowatt hour
Environmental flows

Iridium, in ground (natural resource, in ground) 1 kilogram
Occupation, arable land, unspecified use (natural resource, land) 41.7465 square meter-year
Occupation, forest, unspecified (natural resource, land) 41.7465 square meter-year
Occupation, mineral extraction site (natural resource, land) 635.274 square meter-year
Transformation, from mineral extraction site (natural resource, land) 4.882 square meter
Transformation, to mineral extraction site (natural resource, land) 4.882 square meter
Water, unspecified natural origin (natural resource, in ground) 199.7499 cubic meter
Ethane, 1,1,1-trichloro-, HCFC-140 (to air) 8.02E-10 kilogram
Ethane, 1,2-dichloro- (to air) 4.56E-04 kilogram
Arsenic (to air) 3.38E-03 kilogram
Benzo(a)pyrene (to air) 3.03E-02 kilogram
Benzene (to air) 3.03E-02 kilogram
Lead (to air) 1.81E-02 kilogram
Cadmium (to air) 1.43E-04 kilogram
Methane, trichlorofluoro-, CFC-11 (to air) 1.44E-04 kilogram
Methane, non-fossil (to air) 7.81E-02 kilogram
Methane, fossil (to air) 19.13 kilogram
Hydrocarbons, chlorinated (to air) 8.10E-04 kilogram
Chromium (to air) 6.93E-03 kilogram
Carbon monoxide, fossil (to air) 7.159 kilogram
Carbon dioxide, fossil (to air) 11146.62 kilogram
Carbon dioxide, non-fossil (to air) 412.196 kilogram
Methane, dichloro-, HCC-30 (to air) 8.76E-08 kilogram
Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin (to air) 5.73E-09 kilogram
Ethane (to air) 5.56E-03 kilogram
Particulates, > 2.5 um, and < 10um (to air) 36.7 kilogram
Formaldehyde (to air) 4.86E-02 kilogram
Hydrogen sulfide (to air) 1.91E-02 kilogram
Hydrochloric acid (to air) 4.99E-01 kilogram
Benzene, hexachloro- (to air) 4.70E-09 kilogram
Hydrogen fluoride (to air) 4.87E-02 kilogram
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Ethane, 1,1,1,2-tetrafluoro-, HFC-134a (to air) 2.10E-07 kilogram

Copper (to air) 2.56E-02 kilogram
Dinitrogen monoxide (to air) 1.06 kilogram
Ammonia (to air) 3.52E-01 kilogram
Nickel (to air) 2.69E-02 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air) 26.859 kilogram
Nitrogen oxides (to air) 30.635 kilogram
Polychlorinated biphenyls (to air) 9.52E-10 kilogram
Phenol, pentachloro- (to air) 2.46E-06 kilogram
Perfluoropentane (to air) 3.43E-06 kilogram
PAH, polycyclic aromatic hydrocarbons (to air) 1.50E-03 kilogram
Mercury (to air) 2.62E-04 kilogram
Sulfur hexafluoride (to air) 4.43E-05 kilogram
Sulfur dioxide (to air) 2172.255 kilogram
Methane, tetrachloro-, R-10 (to air) 1.02E-04 kilogram
Zinc (to air) 6.79E-02 kilogram
Arsenic, ion (to water) 2.75E-01 kilogram
Lead (to water) 2.67E-01 kilogram
Cadmium, ion (to water) 2.97E-02 kilogram
Chloride (to water) 34.494 kilogram
Chromium, ion (to water) 5.73E-02 kilogram
Cyanide (to water) 6.65E-01 kilogram
Fluoride (to water) 5.93E-01 kilogram
AOX, Adsorbable Organic Halogen as Cl (to water) 4.48E-05 kilogram
Copper, ion (to water) 8.41E-01 kilogram
Ammonium, ion (to water) 6.54E-02 kilogram
Nickel (to water) 4.51 kilogram
Nitrate (to water) 6.80E-02 kilogram
Tin, ion (to water) 1.50E-05 kilogram
TOC, Total Organic Carbon (to water) 10.576 kilogram
Phenol (to water) 2.00E-03 kilogram
PAH, polycyclic aromatic hydrocarbons (to water) 1.50E-04 kilogram
Mercury (to water) 3.53E-03 kilogram
Suspended solids, unspecified (to water) 6.86E-01 kilogram
Sulfate (to water) 272.715 kilogram
Phosphorus (to water) 1.73E-01 kilogram
Nitrogen (to water) 2.656 kilogram
Zinc, ion (to water) 7.043 kilogram

Source: ProBas3%

Table S1.15. Life cycle inventory of gaseous H: production (1 kg, 30 bar, 99.9% purity) by SOEC powered by grid
electricity.

Exchanges Amount Unit Data source

Economic flows

electrolyzer, SOEC, Balance of Plant* 2.57E-07 unit Calculation
electrolyzer, SOEC, Stack* 2.31E-06 unit Calculation
market (group) for electricity, low voltage 42.73 kilowatt hour Calculation
market for heat, district or industrial, other than natural gas 18.864 megajoule 40
market for water, deionised 12 kilogram 9
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Environmental flows

Water, cooling, unspecified natural origin (natural resource, in water) 0.6447

cubic meter

Oxygen (to air) 8 kilogram
Table S1.16. Life cycle inventory of SOEC’s BoP production (1 MW).
Exchanges Amount Unit Data source
Economic flows
market for cast iron 3000 kilogram 40
market for acrylonitrile-butadiene-styrene copolymer 1.4 kilogram 40
market for concrete, 35MPa 2.3 cubic meter 40
market for electronics, for control units 100 kilogram 40
market for ethylene glycol 35 kilogram 40
market for extrusion, plastic pipes 534 kilogram 40
market for injection moulding 1.4 kilogram 40
market for aluminium, wrought alloy 401 kilogram 40
market for copper, cathode 428.5 kilogram 40
market for polyethylene, low density, granulate 534 kilogram 40
market for reinforcing steel 13730.6 kilogram 40
market for sheet rolling, aluminium 100 kilogram 40
market for sheet rolling, chromium steel 16621.4 kilogram 40
market for sheet rolling, steel 12081.2 kilogram 40
market for steel, chromium steel 18/8, hot rolled 16621.4 kilogram 40
market for steel, low-alloyed, hot rolled 2250 kilogram 40
market for steel, low-alloyed 1503.6 kilogram 40
market for tube insulation, elastomere 176.6 kilogram 40
market for welding, arc, steel 33.3 meter 40
market for wire drawing, copper 428.5 kilogram 40
market (group) for electricity, low voltage 76420.2 kilowatt hour 40
Environmental flows
Transformation, from industrial area (natural resource, land) 55 square meter o8
Transformation, to industrial area (natural resource, land) 55 square meter o8
Occupation, industrial area (natural resource, land) 1100 square meter-year %
Table S1.17. Life cycle inventory of SOEC’s stack production (1 MW).
Exchanges Amount Unit
Economic flows
market for aluminium oxide, metallurgical 6.4 kilogram
market for barium oxide 6.4 kilogram
market for boric oxide 6.4 kilogram
Lanthanum strontium manganite (LSM)* 2.1 kilogram
market for cerium oxide 91.5 kilogram
market for nickel, class 1 144.1 kilogram
market for praseodymium oxide 9 kilogram
market for samarium-europium-gadolinium oxide 37.7 kilogram
market for sheet rolling, chromium steel 8976.1 kilogram
market for silicone product 6.4 kilogram
market for steel, chromium steel 18/8, hot rolled 8976.1 kilogram
market for zirconium oxide 170.7 kilogram
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market (group) for electricity, low voltage 122224.4 kilowatt hour

Source: Gerloff 4°

Table S1.18. Life cycle inventory of LSM production (1 kg).

Exchanges Amount Unit

Economic flows

market for lanthanum oxide 5.04E-01 kilogram
market for manganese 8.62E-02 kilogram
market for strontium carbonate 5.51E-01 kilogram
market for nitric acid, without water, in 50% solution state 1.3181 kilogram
market for chloroacetic acid 1.667388 kilogram
market for ammonia, anhydrous, liquid 3.00E-01 kilogram
market for water, deionised 8.833922 kilogram
market group for electricity, low voltage 15.68021 kilowatt hour

Source: Staffell et al.3"

For the delivery purity and pressure of the H, from water electrolysis, only the information
about PEM (industry grade N5.0-99.999% and 30 bar) can be available from the refence
BareiB et al.*" that we directly used. We further checked other references to clarify these
information about AE and SOEC and made a comparison to ensure the value used in our
paper is reasonable. The H; produced by AE is delivered at 99.999% purity and 30 bar
pressure with the system electrical efficiency of 53-70%, as mentioned in the Table5-1 in
the report of Smolinka et al.®°2 This electrical efficiency was cited in the research of Zhang
et al.,®® which is the main source reference of the AE’s stack and BoP in the Gerloff.4°
Purity requirements vary significantly from different applications.*** Although 99.999%
purity of H, produced by AE and PEM can be achieved based on the electrical efficiency
used in this paper, the mid-range value of 99.99% (N4.0) purity from manufacturer
(between 99.9%-N3.0 and 99.999%) 3°°-%%% was used as the target purity due to lack of
specific users. Gerloff*® used Hafele et al.’*’s LCI of SOEC’s stack, whose operating
pressure is 1 bar, and added H, compressors in SOEC’s BoP. In other references using the
similar SOEC system, the generated H, (99.9% purity) is generally compressed from 1 bar
to 30 bar, with the system electrical efficiency of SOEC between 75% and 88%.%'°-%13 The
target delivery purity and pressure of the H, produced by water electrolysis are shown in
Table S1.19.

Table S1.19. The system electrical efficiency of the target H> product of the water electrolysis.

Parameters AE PEM SOEC
Electrical efficiency used in this paper (%) 67 58 78
Delivery pressure of Hz (bar) 30 30 30
Delivery purity of Hz (%) 99.99 99.99 99.9
Electrical efficiency for the target H2 product (%) 53-70 50-70 75-88

Table S1.20. LCI of 1 MW PEM stack production in the Middle East and the USA in 2030 and 2050 broken down into
technology improvements (likely material reductions), regional variations (where the regional electricity mix is used),
and other inputs that do not change over time and region.

Economic flows Unit Location Amountin 2030 Amountin 2050

Technology improvements
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market for titanium kg GLO 213.69 35

market for steel, chromium steel 18/8, hot rolled kg GLO 73.68 40
market for sheet rolling, chromium steel kg GLO 73.68 40
market for activated carbon, granular kg GLO 7.14 4.5
market for tetrafluoroethylene (Nafion) kg GLO 4.59 1.148
market for sulfuric acid (Nafion) kg RoW 3.41 0.852
market for platinum kg GLO 0.05 0.02
market for iridium kg GLO 0.26 0.03
Regional variations

market for electricity, low voltage kWh MEA/USA 103890.8 103890.8
Others

market for aluminium, wrought alloy kg GLO 27 27
market for sheet rolling, aluminium Kg GLO 27 27
market for copper, anode kg GLO 4.5 4.5
market for sheet rolling, copper kg GLO 4.5 4.5
market for synthetic rubber kg GLO 4.8 4.8

S1.2 Global H, markets across regions

Current H; production across regions (2020)

For the IEA’s regions where no data of H, production by CG and NG SMR in 2020 was
available, the following assumptions were made:

Coal is used as the feedstock of H, production in limited regions including China, India,
Japan, Southeast Asia, Africa and Rest of Asia Pacific.®' For Southeast Asia, Africa and
Rest of Asia Pacific, where there is no data of H, production amount of CG, their values
are generated by multiplying the remaining global total H, production amount by CG
excluding the known amount of China, India and Japan, by the ratios of their respective
coal supply amountin 2020.%”

Australia’s hydrogen production was around 0.65 Mt and virtually all of this H, is made
using NG SMR.3"® For the 1.8 Mt H, produced and used in Korea in 2020, 40% was
produced from NG SMR, with the remaining 60% obtained as by-product from various
sources.®” The NG SMR proportion in the H, market of Rest of Asia Pacific was set as the
same as the weighted average value for Australia and Korea, which are dominated by H,
producing countries in this region. Russia has no official statistics of its H, market,®'® but
what can be confirmed is that there is practically no government or industry program for
producing H, from coal.®*'” Thus, the H, market of Russia is assumed to consist of only NG
SMR technology excluding the by-product H,. The Rest of Eurasia has a similar situation.
Sothe global remaining H; production amount of NG SMR excluding other 13 regions were
proportionally assigned to Russia and the Rest of Eurasia according their respective total
H, production amount.

Future H. production across regions (until 2050)

116



The future regional dedicated H; production volumes in the IEA’s STEPS, APS and NZE
scenarios were derived via the following steps. For the H, production volumes from 2020
to 2050 in the STEPS and APS, the IEA provides global total H, production volumes and
specific values of CG CCS, NG SMR CCS, water electrolysis and bioenergy (lacking CG
and NG SMR), as well as the total production volumes including by-product H, of 15
regions.®” At first, the fraction of the global H, production volumes of CG and NG SMR in
2020 was used to distinguish between CG and NG SMR in the residual production
volumes (excluding by-product H,, which was considered unchanged in the future). After
getting the production volumes of different H, technologies at the global level, we can
then assign these values to 15 regions.

Our further assumption is that the regional fractions in CG and NG SMR after 2020 will
change with the same trend of their total H, production volumes®’ (The regional fractions
are shown in Table S20-S23). Thus, the production volume of CG and NG SMR after 2020
in each region can be obtained by multiplying the global total production volume of CG
and NG SMR with regional fractions. Above fractions were also used for assigning the
production volume of CG CCS and NG SMR CCS. For bioenergy-based H, technology, the
regional fraction of the total H, production volume was used to assign it due to lack of
starting values in 2020 and reference basis. At last, the production volume of water
electrolysis in each region over time can be obtained by subtracting the above known
amount and by-product H, from the regional total H, production volume. Water
electrolysis includes AE, PEM and SOEC. If there is no clear classification for one region
in 2020, the global average proportion, 61%, 31% and 8% for AE, PEM and SOEC would
be adopted as the alternative.®’ PEM is currently one of the two commercially available
electrolyzer technologies together with AE.3'® On the one hand, the share of AE in the total
installed capacity of announced projects remains at around 60% for the next five years,
but decreases afterwards, so that by 2030 the total capacity could be equally split
between AE and PEM electrolyzers.'® On the other hand, Schmidt et al.”® found that
experts believed PEM would be the dominant electrolysis technology by as early as 2030.
Moreover, PEM has a simpler balance of plant and produces H; at a higher pressure than
AE, which means lower energy requirements for compression.®” Studies also show that
PEM might be more future-proof than AE; for example, PEM electrolyzers exhibit a higher
power-density per footprint ratio compared to AE electrolyzers, making the overall system
footprint less space-consuming,? and PEM is shown to exhibit higher flexibility and can
be installed with variable power (solar photovoltaic and wind) without impacting the
electrolyzer performance.’® Thus, a conservative market share of 60% for PEM in water
electrolysis in 2050 is assumed. The SOEC is simply assumed to increase 1% every 5
years from 2020 to 2050. At the same time, the remaining proportion is AE’s market share.

Forthe NZE scenario, only the global H, production volume by fossil fuel, CCS, bioenergy,
water electrolysis and by-product is available and there is no regional data.®® Thus, the
source of coal and natural gas in fossil fuel and CCS were distinguished by the fractions

117



used in the APS scenario. At the same time, the reginal fractions of the global H.
production from 2020 to 2050 of the APS scenario were used to get the regional total
production volumes in the NZE scenario. Other steps were also consistent with the APS
scenario. BG CCS was only adopted in the NZE scenario from 2040 with a fraction of 1%
in bioenergy-based H, production volume and can achieve no more than 5% by 2050.%"
The annual H; production volumes by various technologies in 15 regions between 2020
and 2050 under three scenarios are shown in Figure S1.1.

Table S1.21. The regional fraction of CG and CG CCS between 2020 and 2050 in the STEPS scenario.

Regions 2020 2025 2030 2035 2040 2045 2050
Africa 1.7% 1.9% 2.0% 2.2% 2.4% 2.5% 2.7%
China 84.7% 84.3% 83.9% 82.6% 81.3% 80.1% 79.1%
India 7.2% 7.5% 7.8% 8.6% 9.4% 10.1% 10.7%
Japan 0.5% 0.5% 0.5% 0.5% 0.5% 0.6% 0.6%
Southeast Asia 2.9% 3.0% 3.0% 3.2% 3.4% 3.5% 3.7%
Rest of Asia Pacific 3.0% 2.9% 2.7% 2.9% 3.0% 3.2% 3.3%

Table S1.22. The regional fraction of CG and CG CCS between 2020 and 2050 in the APS and NZE scenario.

2020 2025 2030 2035 2040 2045 2050
Africa 1.7% 1.8% 1.9% 2.1% 2.3% 2.4% 2.5%
China 84.7% 84.6% 84.4% 81.7% 79.9% 78.6% 77.7%
India 7.2% 7.2% 7.1% 8.1% 8.8% 9.2% 9.5%
Japan 0.5% 0.6% 0.6% 0.8% 0.9% 0.9% 1.0%
Southeast Asia 2.9% 2.9% 2.9% 3.2% 3.4% 3.5% 3.6%
Rest of Asia Pacific 3.0% 3.0% 3.0% 4.1% 4.8% 5.3% 5.7%

Table S1.23. The regional fraction of NG SMR and NG SMR CCS between 2020 and 2050 in the STEPS scenatrio.
2020 2025 2030 2035 2040 2045 2050

United States 17.9% 17.4% 16.9% 16.7% 16.5% 16.4% 16.2%
Rest of North America 4.7% 4.4% 4.2% 4.1% 4.0% 3.9% 3.9%
Brazil 0.3% 0.5% 0.6% 0.7% 0.8% 0.9% 1.0%
Rest of Central and South America 4.2% 4.3% 4.4% 4.8% 5.1% 5.3% 5.6%
European Union 8.8% 7.7% 6.9% 6.4% 6.0% 5.7% 5.4%
Rest of Europe 2.4% 2.4% 2.3% 2.3% 2.3% 2.3% 2.3%
Africa 4.7% 5.1% 5.5% 5.8% 6.1% 6.4% 6.6%
Middle East 18.3% 20.0% 21.3% 20.9% 20.6% 20.3% 20.0%
Russia 5.2% 4.5% 4.0% 3.8% 3.6% 3.5% 3.3%
Rest of Eurasia 0.4% 0.4% 0.4% 0.4% 0.3% 0.3% 0.3%
China 11.4% 11.3% 11.2% 10.6% 10.2% 9.8% 9.4%
India 11.5% 12.1% 12.4% 13.3% 14.1% 14.7% 15.3%
Japan 1.7% 1.6% 1.5% 1.5% 1.6% 1.6% 1.6%
Southeast Asia 4.0% 4.1% 4.2% 4.3% 4.4% 4.5% 4.5%
Rest of Asia Pacific 4.7% 4.4% 4.2% 4.3% 4.4% 4.5% 4.5%

Table S1.24. The regional fraction of NG SMR and NG SMR CCS between 2020 and 2050 in the APS and NZE scenario.
2020 2025 2030 2035 2040 2045 2050

United States 17.9% 19.4% 20.4% 21.6% 22.3% 22.8% 23.2%
Rest of North America 4.7% 4.3% 4.0% 3.5% 3.2% 3.0% 2.8%
Brazil 0.3% 0.6% 0.8% 1.1% 1.3% 1.4% 1.5%
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Rest of Central and South America 4.2% 4.6% 4.9% 4.9% 5.0% 5.0% 5.0%

European Union 8.8% 9.2% 9.6% 9.3% 9.1% 9.0% 8.9%
Rest of Europe 2.4% 2.9% 3.2% 3.3% 3.3% 3.3% 3.4%
Africa 4.7% 4.8% 4.8% 5.1% 5.4% 5.5% 5.6%
Middle East 18.3% 18.4% 18.4% 15.8% 14.3% 13.2% 12.5%
Russia 5.2% 3.9% 3.1% 2.4% 1.9% 1.7% 1.4%
Rest of Eurasia 0.4% 0.4% 0.3% 0.3% 0.2% 0.2% 0.2%
China 11.4% 10.8% 10.3% 9.6% 9.1% 8.8% 8.6%
India 11.5% 10.9% 10.5% 11.5% 12.0% 12.4% 12.7%
Japan 1.7% 1.8% 1.9% 2.2% 2.4% 2.5% 2.6%
Southeast Asia 4.0% 3.8% 3.6% 3.8% 4.0% 4.1% 4.1%
Rest of Asia Pacific 4.7% 4.4% 4.3% 5.6% 6.4% 7.0% 7.3%
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Figure S1.1. Hz2 production volumes in 15 regions from 2020 to 2050 in the STEPS, APS and NZE scenarios. In the figure,
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S1.3 Regional scope

Table S1.25. The region matching between IEA and REMIND models.

No. IEA regions REMIND regions
1 Brazil LAM
2 Rest of Central and South America LAM
3 Southeast Asia OAS
4 Rest of Asia Pacific OAS
5 Africa SSA
6 European Union (EU) EUR
7 Rest of Europe NEU
8 Middle East MEA
9 Russia REF
10 Rest of Eurasia REF
11 Rest of North America CAZ
12 China CHA
13 India IND
14 Japan JPN
15 USA USA

Table S1.26. IEA regions and countries (ISO alpha-3 code).

No IEA Regions ISO code of countries belonging to this region
1 Brazil BRA
2 Rest ABW, AIA, ARG, ATG, BES, BHS, BLM, BLZ, BMU, BOL, BRB, BVT, CHL, COL, CRI,

8

9

10
11
12
13
14
15

Central and South Americ

a

Southeast Asia

Rest of Asia Pacific

Africa

EU
Rest of Europe

Middle East

Russia

Rest of Eurasia

Rest of North America
China

India

Japan

USA

CUB, CUW, CYM, DMA, DOM, ECU, FLK, GLP, GRD, GTM, GUF, GUY, HND, HTI, JAM,
KNA, LCA, MAF, MSR, MTQ, NIC, PAN, PER, PRI, PRY, SGS, SLV, SUR, SXM, TCA, TTO,
URY, VCT, VEN, VGB and VIR

BRN, IDN, KHM, LAO, MMR, MYS, PHL, SGP, THA and VNM

AFG, ASM, ATF, AUS, BGD,BTN, CCK, COK, CXR, FJI, FSM, GUM, HMD, IOT, KIR, KOR,
LKA, MDV, MHL, MNG, MNP, NCL, NFK, NIU, NPL, NRU, NZL, PAK, PCN, PLW, PNG,
PRK, PYF, SLB, TKL, TLS, TON, TUV, TWN, UMI, VUT, WLF, WSM and MAC

AGO, BDI, BEN, BFA, BWA, CAF, CIV, CMR, COD, COG, COM, CPV, DJI, DZA, EGY,
ERI, ESH, ETH, GAB, GHA, GIN, GMB, GNB, GNQ, KEN, LBR, LBY, LSO, MAR, MDG,
MLI, MOZ, MRT, MUS, MWI, MYT, NAM, NER, NGA, REU, RWA, SDN, SEN, SHN, SLE,
SOM, SSD, STP, SWZ, SYC, TCD, TGO, TUN, TZA, UGA, ZAF, ZMB and ZWE

AUT, BEL, BGR, CYP, CZE, DEU, DNK, ESP, EST, FIN, FRA, GRC, HRV, HUN, IRL, ITA,
LTU, LUX, LVA, MLT, NLD, POL, PRT, ROU, SVK, SVN and SWE

ALA, ALB, AND, BIH, BLR, CHE, FRO, GBR, GGY, GIB, GRL, IMN, ISL, LIE, JEY, MCO,
MDA, MKD, MNE, NOR, SJM, SMR, SRB, TUR, UKR, VAT, ISR and PSE,

ARE, BHR, IRN, IRQ, JOR, KWT, LBN, OMN, QAT, SAU, SYR and YEM

RUS

ARM, AZE, GEO, KAZ, KGZ, TIK, TKM and UZB
CAN, SPM and MEX

CHN and HKG

IND

JPN

USA

Source: IEA™3

Table S1.27. REMIND regions and countries (ISO alpha-3 code).

No.

REMIND regions

ISO code of countries belonging to this region

1

LAM

ABW, AIA, ARG, ATA, ATG ,BES, BHS, BLM, BLZ, BMU, BOL, BRA, BRB, BVT, CHL, COL,
CRI, CUB, CUW, CYM, DMA, DOM, ECU, FLK, GLP, GRD, GTM, GUF, GUY, HND, HTI,
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JAM, KNA, LCA, MAF, MEX, MSR, MTQ, NIC, PAN, PER, PRI, PRY, SGS, SLV, SUR, SXM,
TCA, TTO, URY, VCT, VEN, VGB, and VIR

2 OAS AFG, ASM, ATF, BGD, BRN, BTN, CCK, COK, CXR, FJI, FSM, GUM, IDN, IOT, KHM, KIR,
KOR, LAO, LKA, MDV, MHL, MMR, MNG, MNP, MYS, NCL, NFK, NIU, NPL, NRU, PAK,
PCN, PHL, PLW, PNG, PRK, PYF, SGP, SLB, THA, TKL, TLS, TON, TUV, UMI, VNM, VUT,
WLF, and WSM

3 SSA AGO, BDI, BEN, BFA, BWA, CAF, CIV, CMR, COD, COG, COM, CPV, DJI, ERI, ETH, GAB,
GHA, GIN, GMB, GNB, GNQ, KEN, LBR, LSO, MDG, MLI, MOZ, MRT, MUS, MWI, MYT,
NAM, NER, NGA, REU, RWA, SEN, SHN, SLE, SOM, SSD, STP, SWZ, SYC, TCD, TGO,
TZA, UGA, ZAF, ZMB, and ZWE

4 EUR ALA, AUT, BEL, BGR, CYP, CZE, DEU, DNK, ESP ,EST, FIN, FRA, FRO, GBR, GGY, GIB,
GRC, HRV, HUN, IMN, IRL, ITA, JEY, LTU, LUX, LVA, MLT, NLD, POL, PRT, ROU, SVK,
SVN, and SWE

5 NEU ALB, AND, BIH, CHE, GRL, ISL, LIE, MCO, MKD, MNE, NOR, SJM, SMR, SRB, TUR, and
VAT

6 MEA ARE, BHR, DZA, EGY, ESH, IRN, IRQ, ISR, JOR, KWT, LBN, LBY, MAR, OMN, PSE, QAT,
SAU, SDN, SYR, TUN, and YEM

7 REF ARM, AZE, BLR, GEO, KAZ, KGZ, MDA, RUS, TJK, TKM, UKR, and UZB

8 CAZ AUS, CAN, HMD, NZL, and SPM

9 CHA CHN, HKG, MAC, and TWN

10 IND IND

11 JPN JPN

12 USA USA

Source: Baumstark et al.%¢

S1.4 Supplementary results

Prospective environmental impacts of H, production

Table S1.28. The contribution of various drivers to GHG emissions reduction from 2020 to 2050 of per kg H2 produced
by grid-powered water electrolysis.

Scenario  Region Technology Eteeccatrnbcolfﬂyization !Efficiency Material demand I(;:fesnpsaig
(%) improvement (%) decrease (%) n (%)
STEPS China AE-Grid 99.57 0.27 0.08 0.09
PEM-Grid 99.45 0.48 0.05 0.02
SOEC-Grid 99.62 0.13 0.10 0.14
USA AE-Grid 99.42 0.27 0.14 0.16
PEM-Grid 99.36 0.52 0.09 0.03
SOEC-Grid 99.45 0.09 0.19 0.26
EU AE-Grid 98.69 0.87 0.21 0.24
PEM-Grid 98.26 1.56 0.13 0.05
SOEC-Grid 98.87 0.46 0.27 0.40
APS China AE-Grid 99.60 0.24 0.07 0.09
PEM-Grid 99.50 0.44 0.05 0.02
SOEC-Grid 99.65 0.12 0.10 0.14
USA AE-Grid 99.40 0.30 0.14 0.16
PEM-Grid 99.32 0.56 0.09 0.03
SOEC-Grid 99.44 0.11 0.19 0.26
EU AE-Grid 98.73 0.84 0.20 0.23
PEM-Grid 98.32 1.50 0.13 0.05
SOEC-Grid 98.91 0.44 0.27 0.39
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NZE China AE-Grid 99.62 0.21 0.08 0.09
PEM-Grid 99.54 0.39 0.05 0.02
SOEC-Grid 99.66 0.10 0.10 0.14
USA AE-Grid 99.92 -0.23 0.14 0.16
PEM-Grid 100.22 -0.34 0.09 0.03
SOEC-Grid 99.81 -0.23 0.19 0.24
EU AE-Grid 99.22 0.35 0.20 0.23
PEM-Grid 99.16 0.67 0.12 0.05
SOEC-Grid 99.26 0.11 0.26 0.36
Table S1.29. Environmental impacts of per kg Hz in the global H> market in three scenarios.
STEPS APS NZE
Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050
Acidification (mol H+-eq x102) 1.3 1.6 1.6 2.3 1.4 2.8 1.3
Ecotoxicity: freshwater (CTUe) 171.9 187.2 177.2 208.2 1354 196.6 123.7
Resource use: energy carriers (MJ, net calorific value) 157.4 163.7 148.4 170.5 86.7 171.2 90.4
Eutrophication: aquatic freshwater (kg POs-eq x107) 1.0 1.3 1.2 2.0 0.8 1.9 0.7
Eutrophication: aquatic marine (kg N-eq x10%) 1.7 2.3 2.2 3.5 1.9 4.1 1.9
Eutrophication: terrestrial (mol N-eq x107?) 3.8 4.3 3.9 5.0 2.3 4.9 2.2
Human toxicity: cancer effects (CTUh x10°) 1.5 1.8 2.2 2.9 4.7 4.1 4.6
Human toxicity: non- cancer effects (CTUh x107°) 3.2 4.3 5.1 7.3 9.6 9.8 9.2
lonising radiation: human health (kBg U?%-eq) 0.4 0.5 0.6 1.2 1.6 2.2 1.8
Land use (dimensionless) 11.8 15.4 26.6 28.8 84.6 44.2 81.8
Resource use: minerals and metals (kg Sb-eq x107%) 2.2 2.8 4.6 5.7 14.4 9.7 13.8
Ozone depletion (kg CFC-11-eq x107) 6.9 6.7 6.1 6.9 4.2 7.1 4.5
Particulate matter (disease incidence x107) 3.7 4.0 3.5 4.0 1.8 3.1 1.5
Photochemical ozone formation (kg NMVOC-eq x102) 1.3 1.5 1.3 1.7 0.9 1.9 0.9
Water use (m® world eq. deprived) 0.2 0.6 1.0 1.9 2.9 3.2 3.2
Climage change (kg CO2-eq) 13.6 13.8 12.0 12.9 3.7 9.4 2.3
Table S1.30. Environmental impacts of per kg Hz in the H2 market of China in three scenarios.
STEPS APS NZE
Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050
Acidification (mol H+-eq x107?) 2.5 2.9 1.9 3.2 1.9 3.7 1.7
Ecotoxicity: freshwater (CTUe) 394.5 427.7 2129 4379 2129 370.0 175.2
Resource use: energy carriers (MJ, net calorificvalue) 156.0 168.1 101.8 173.6 101.8 166.9 91.6
Eutrophication: aquatic freshwater (kg POs-eq x107) 2.4 2.7 1.3 2.8 1.3 2.9 1.1
Eutrophication: aquatic marine (kg N-eq x10°) 2.4 3.3 2.4 4.2 2.4 5.4 2.1
Eutrophication: terrestrial (mol N-eq x107?) 8.3 9.0 3.6 9.0 3.6 7.6 2.7
Human toxicity: cancer effects (CTUh x10°°) 1.5 1.9 5.5 3.1 5.5 5.6 5.8
Human toxicity: non- cancer effects (CTUh x107) 0.4 0.6 1.2 1.0 1.2 1.5 1.3
lonising radiation: human health (kBqg U%3*-eq) -0.07 0.08 2.7 0.6 2.7 1.7 2.9
Land use (dimensionless) 27.6 30.9 121.5 48.1 121.5 86.0 125.2
Resource use: minerals and metals (kg Sb-eq x10) 0.2 0.2 1.8 0.6 1.8 1.4 1.9
Ozone depletion (kg CFC-11-eq x107) 2.5 2.6 2.5 2.8 2.5 3.8 2.6
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Particulate matter (disease incidence x107) 1.1 1.2 0.4 1.2 0.4 0.8 0.3
Photochemical ozone formation (kg NMVOC-eq x102) 0.7 1.0 0.7 1.2 0.7 1.6 0.7
Water use (m® world eq. deprived) 0.6 0.8 1.4 1.1 1.4 1.6 1.5
Climage change (kg CO2-eq) 191 20.0 5.2 191 5.2 13.5 24

Table S1.31. Environmental impacts of per kg Hz in the H2 market of USA in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x1072) 1.3 1.4 1.3 1.9 1.3 1.6 1.4
Ecotoxicity: freshwater (CTUe) 114.4 1143 117.8 139.8 117.8 133.7 119.8
Resource use: energy carriers (MJ, net calorific value) 147.1  150.4 69.6 162.8 69.6 156.3 84.3
Eutrophication: aquatic freshwater (kg POs-eq x107%) -0.1 0.2 0.5 1.9 0.5 0.4 0.5

Eutrophication: aquatic marine (kg N-eq x10°%) 1.8 2.0 1.6 3.0 1.6 2.4 1.7
Eutrophication: terrestrial (mol N-eq x1072) 2.1 2.1 1.7 2.9 1.7 2.6 1.9
Human toxicity: cancer effects (CTUh x10°9) 2.4 2.7 4.5 3.5 4.5 3.8 4.3
Human toxicity: non- cancer effects (CTUh x10°8) 2.4 3.1 8.0 5.6 8.0 5.7 7.2
lonising radiation: human health (kBg U?%-eq) 0.8 1.2 0.7 1.9 0.7 2.6 1.0
Land use (dimensionless) 3.3 7.5 75.5 20.5 75.5 29.3 69.3
Resource use: minerals and metals (kg Sb-eq x10%) 0.3 0.3 1.2 0.6 1.2 0.8 1.1
Ozone depletion (kg CFC-11-eq x107) 5.8 5.8 3.4 5.6 3.4 5.4 3.8
Particulate matter (disease incidence x107) 0.9 1.0 1.1 1.3 1.1 1.2 1.1
Photochemical ozone formation (kg NMVOC-eq x102) 1.8 1.9 1.0 2.0 1.0 1.8 1.2
Water use (m® world eq. deprived) 0.2 0.3 0.8 0.8 0.8 1.1 1.0
Climage change (kg CO2-eq) 10.4 10.4 3.4 10.1 3.4 6.6 2.4

Table S1.32. Environmental impacts of per kg Hz in the H> market of EU in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 0.7 0.6 1.2 1.1 1.2 1.3 1.2
Ecotoxicity: freshwater (CTUe) 59.0 57.0 106.8 93.4 106.8 110.4 106.0
Resource use: energy carriers (MJ, net calorificvalue) 170.7 168.6 75.1 169.9 75.1 161.3 814
Eutrophication: aquatic freshwater (kg POs-eq x104) 3.3 1.7 5.8 3.6 5.8 4.6 5.4

Eutrophication: aquatic marine (kg N-eq x10°) 2.0 1.9 2.1 2.8 2.1 3.1 2.2
Eutrophication: terrestrial (mol N-eq x107?) 2.2 2.1 2.3 3.1 2.3 3.4 2.5
Human toxicity: cancer effects (CTUh x10°) 1.7 1.7 5.1 3.3 5.1 4.1 4.9
Human toxicity: non- cancer effects (CTUh x1078) 2.5 2.3 9.2 5.6 9.2 7.4 8.7
lonising radiation: human health (kBgq U?*-eq) 1.1 1.1 0.8 2.7 0.8 3.5 0.9
Land use (dimensionless) 3.4 3.9 50.4 22.8 50.4 34.4 54.0
Resource use: minerals and metals (kg Sb-eq x10) 0.3 0.3 1.4 0.7 1.4 1.0 1.3
Ozone depletion (kg CFC-11-eq x10°%) 1.9 1.9 0.8 1.6 0.8 1.3 0.9
Particulate matter (disease incidence x107) 0.5 0.5 1.1 1.0 1.1 1.2 1.1
Photochemical ozone formation (kg NMVOC-eq x102) 1.6 1.6 1.0 1.6 1.0 1.5 1.1
Water use (m?®world eq. deprived) 0.3 0.3 1.4 1.4 1.4 1.9 1.6
Climage change (kg CO2-eq) 1.4 11.2 3.6 8.8 3.6 5.5 2.7

Table S1.33. Environmental impacts of per kg Hz in the Hz market of Brazil in three scenarios.
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STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 0.4 0.6 1.0 0.9 1.0 1.0 1.0
Ecotoxicity: freshwater (CTUe) 35.8 45.0 88.9 61.1 88.9 66.9 79.4
Resource use: energy carriers (MJ, net calorificvalue) 161.9 155.6 78.9 138.0 789 129.8 92.8
Eutrophication: aquatic freshwater (kg POs-eq x10) 0.1 1.6 4.9 2.5 4.9 3.5 4.1

Eutrophication: aquatic marine (kg N-eq x107%) 1.3 1.5 1.6 1.8 1.6 1.9 1.6
Eutrophication: terrestrial (mol N-eq x107?) 1.4 1.7 1.7 2.0 1.7 2.1 1.9
Human toxicity: cancer effects (CTUh x10°) 0.9 1.3 3.8 2.1 3.8 2.4 3.3
Human toxicity: non- cancer effects (CTUh x10°8) 1.8 2.6 7.7 4.1 7.7 4.6 6.5
lonising radiation: human health (kBg U%3%-eq) 0.03 0.1 0.2 0.2 0.2 0.3 0.2
Land use (dimensionless) 4.3 11.6 87.3 28.7 87.3 29.8 76.3
Resource use: minerals and metals (kg Sb-eq x10) 0.2 0.3 1.2 0.6 1.2 0.7 1.0
Ozone depletion (kg CFC-11-eq x10°5) 2.0 1.9 1.0 1.6 1.0 1.5 1.1
Particulate matter (disease incidence x107) 1.6 3.6 9.5 6.3 9.5 7.2 8.9
Photochemical ozone formation (kg NMVOC-eq x10%) 6.3 7.0 6.2 7.5 6.2 7.6 6.5
Water use (m* world eq. deprived) -0.8 1.6 7.1 6.1 7.1 8.2 8.5
Climage change (kg CO2-eq) 10.1 9.5 3.6 7.9 3.6 5.3 2.5

Table S1.34. Environmental impacts of per kg H= in the H> market of Rest of Central and South America in three scenarios.
STEPS APS NZE

2020 2030 2050 2030 2050 2030 2050

Environmental impact categories (unit)

Acidification (mol H+-eq x1079) 4.1 5.5 9.7 8.1 9.7 9.4 9.2
Ecotoxicity: freshwater (CTUe) 36.2 40.1 85.6 57.1 85.6 654 77.4
Resource use: energy carriers (MJ, net calorificvalue) 161.9 160.6 79.6 141.7 79.6 130.8 92.2
Eutrophication: aquatic freshwater (kg POs-eq x10) 0.2 1.2 4.7 2.3 4.7 3.3 3.9

Eutrophication: aquatic marine (kg N-eq x10°) 1.3 1.5 1.5 1.7 1.5 1.8 1.5
Eutrophication: terrestrial (mol N-eq x107?) 1.4 1.6 1.6 1.9 1.6 2.0 1.8
Human toxicity: cancer effects (CTUh x10°9) 0.9 1.0 3.8 2.0 3.8 2.4 3.3
Human toxicity: non- cancer effects (CTUh x1078) 1.9 2.2 7.5 3.8 7.5 4.5 6.5
lonising radiation: human health (kBq U?%-eq) 0.03 0.06 0.2 0.2 0.2 0.3 0.2
Land use (dimensionless) 4.3 6.3 86.5 25.1 86.5 28.9 76.4
Resource use: minerals and metals (kg Sb-eq x10%) 0.2 0.3 1.2 0.5 1.2 0.7 1.0
Ozone depletion (kg CFC-11-eq x10°6) 2.0 1.9 1.0 1.7 1.0 1.6 1.1
Particulate matter (disease incidence x107) 1.7 2.7 8.0 5.3 8.0 6.4 7.8
Photochemical ozone formation (kg NMVOC-eq x10%) 6.4 6.8 6.0 7.3 6.0 7.5 6.3
Water use (m® world eq. deprived) -0.7 0.3 7.0 5.2 7.0 8.0 8.6
Climage change (kg CO2-eq) 10.1 9.8 3.5 8.1 3.5 5.3 2.4

Table S1.35. Environmental impacts of per kg Hz in the H2 market of Rest of North America in three scenarios.
STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 1.8 1.8 1.2 1.7 1.2 1.6 1.3

Ecotoxicity: freshwater (CTUe) 31.2 38.5 61.0 50.4 61.0 62.6 60.7
Resource use: energy carriers (MJ, net calorificvalue) 139.2 136.5 67.2 130.1 67.2 119.6 76.9
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Eutrophication: aquatic freshwater (kg POs-eq x104) -3.7 1.5 2.6 1.6 2.6 3.2 2.2

Eutrophication: aquatic marine (kg N-eq x107%) 2.3 2.5 1.7 2.4 1.7 2.3 1.7
Eutrophication: terrestrial (mol N-eq x107?) 2.6 2.7 1.8 2.6 1.8 2.4 1.9
Human toxicity: cancer effects (CTUh x10°) 1.9 2.0 3.0 2.3 3.0 2.5 2.7
Human toxicity: non- cancer effects (CTUh x10°8) 1.7 2.2 4.0 2.7 4.0 3.1 3.5
lonising radiation: human health (kBg U%3%-eq) -0.1 0.4 0.6 1.1 0.6 2.1 1.0
Land use (dimensionless) 6.5 9.2 36.2 8.1 36.2 5.6 32.7
Resource use: minerals and metals (kg Sb-eq x10°®) 2.2 2.6 5.5 3.2 5.5 3.8 4.6
Ozone depletion (kg CFC-11-eq x10°6) 1.4 1.3 0.7 1.1 0.7 1.0 0.7
Particulate matter (disease incidence x107) 1.0 1.0 0.9 1.0 0.9 1.0 0.9
Photochemical ozone formation (kg NMVOC-eq x102) 1.0 1.0 0.7 1.0 0.7 0.9 0.7
Water use (m®world eq. deprived) -0.5 2.1 10.5 6.5 10.5 12.0 14.9
Climage change (kg CO2-eq) 9.3 8.9 2.9 7.5 2.9 4.3 2.1

Table S1.36. Environmental impacts of per kg Hz in the H> market of Rest of Europe in three scenarios.

STEPS APS NZE
Environmental impact categories (unit)

2020 2030 2050 2030 2050 2030 2050
Acidification (mol H+-eq x107?) 0.6 1.2 0.9 0.7 0.9 4.3 0.9
Ecotoxicity: freshwater (CTUe) 26.8 35.9 92.9 64.7 929 81.2 84.2

Resource use: energy carriers (MJ, net calorificvalue) 161.0 152.9 60.3 122.0 60.3 134.5 69.6
Eutrophication: aquatic freshwater (kg POs-eq x107) 0.3 1.0 0.5 0.3 0.5 4.6 0.5

Eutrophication: aquatic marine (kg N-eq x10°%) 1.2 1.5 1.2 1.3 1.2 3.0 1.2
Eutrophication: terrestrial (mol N-eq x102) 1.3 1.4 1.3 1.4 1.3 2.3 1.3
Human toxicity: cancer effects (CTUh x10°) 1.0 1.5 3.8 2.4 3.8 3.4 3.6
Human toxicity: non- cancer effects (CTUh x107) 1.8 3.0 8.5 4.7 8.5 8.1 7.8
lonising radiation: human health (kBg U?%-eq) 0.9 0.9 0.4 0.9 0.4 1.2 0.5
Land use (dimensionless) 1.9 2.6 8.3 3.6 8.3 3.8 9.0
Resource use: minerals and metals (kg Sb-eq x10%) 0.2 0.4 1.4 0.7 1.4 0.9 1.3
Ozone depletion (kg CFC-11-eq x10°6) 1.2 1.1 0.5 1.0 0.5 0.9 0.6
Particulate matter (disease incidence x107) 2.5 3.6 6.1 4.5 6.1 9.0 5.8
Photochemical ozone formation (kg NMVOC-eq x10%) 4.0 4.7 4.2 4.3 4.2 8.9 4.2
Water use (m® world eq. deprived) 0.3 3.0 11.6 10.5 11.6 13.3 11.4
Climage change (kg CO2-eq) 9.8 9.2 2.6 6.8 2.6 6.0 2.0

Table S1.37. Environmental impacts of per kg Hz in the H> market of Africa in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 1.1 1.0 1.3 2.8 1.3 1.4 1.2
Ecotoxicity: freshwater (CTUe) 116.9 115.6 120.7 172.6 120.7 122.6 109.8
Resource use: energy carriers (MJ, net calorific value) 152.6 151.6 73.9 159.1  73.9 135.5 85.3
Eutrophication: aquatic freshwater (kg POs-eq x107%) 1.3 1.3 0.9 2.4 0.9 0.9 0.6

Eutrophication: aquatic marine (kg N-eq x107%) 1.6 1.6 1.6 3.0 1.6 1.9 1.5
Eutrophication: terrestrial (mol N-eq x10?) 2.5 2.4 1.9 3.7 1.9 2.3 1.8
Human toxicity: cancer effects (CTUh x10°) 1.0 1.0 4.7 2.4 4.7 2.4 4.0
Human toxicity: non- cancer effects (CTUh x1078) 3.3 3.3 9.2 8.4 9.2 6.0 8.1
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lonising radiation: human health (kBg U?3%-eq) 0.09 0.08 0.08 0.2 0.09 0.2 0.1

Land use (dimensionless) 7.7 8.5 92.8 21.2 92.8 24.8 77.1
Resource use: minerals and metals (kg Sb-eq x10%) 0.2 0.2 1.3 0.5 1.3 0.7 1.1
Ozone depletion (kg CFC-11-eq x107) 6.7 6.7 4.2 6.5 4.2 6.7 4.7
Particulate matter (disease incidence x107) 0.6 0.5 1.2 1.0 1.2 0.9 1.0
Photochemical ozone formation (kg NMVOC-eq x102) 0.7 0.7 0.7 1.1 0.7 0.9 0.7
Water use (m®world eq. deprived) 0.1 0.1 3.3 3.3 3.3 5.3 3.8
Climage change (kg CO2-eq) 1.4 111 3.9 1.2 3.9 7.0 2.8

Table S1.38. Environmental impacts of per kg Hz in the H2 market of India in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) -0.2 1.4 1.5 4.9 1.5 6.1 1.3
Ecotoxicity: freshwater (CTUe) 103.9 150.3 143.7 249.4 143.7 268.1 129.2
Resource use: energy carriers (MJ, net calorificvalue) 135.9 152.4 130.0 187.3 130.0 201.8 13041
Eutrophication: aquatic freshwater (kg POs-eq x107) 0.6 1.5 1.0 3.3 1.0 3.6 0.7

Eutrophication: aquatic marine (kg N-eq x10°%) -0.2 1.9 2.1 6.3 2.1 7.8 1.8
Eutrophication: terrestrial (mol N-eq x107?) 1.2 3.3 2.2 7.7 2.2 8.7 1.9
Human toxicity: cancer effects (CTUh x10°9) 0.8 1.3 4.4 2.9 4.4 4.0 4.1
Human toxicity: non- cancer effects (CTUh x107) 0.2 0.5 1.1 1.1 1.1 1.4 1.0
lonising radiation: human health (kBg U?%-eq) -0.03 0.08 5.3 1.3 5.3 3.1 5.0
Land use (dimensionless) 6.7 10.3 21.4 17.8 21.4 18.2 19.5
Resource use: minerals and metals (kg Sb-eq x10%) 0.2 0.3 1.6 0.6 1.6 0.9 1.4
Ozone depletion (kg CFC-11-eq x107) 6.2 6.2 4.3 6.1 4.3 6.3 4.5
Particulate matter (disease incidence x107) 0.4 0.7 1.3 1.4 1.3 1.7 1.1
Photochemical ozone formation (kg NMVOC-eq x102) 0.2 0.8 0.7 2.0 0.7 2.5 0.7
Water use (m® world eq. deprived) -0.2 0.1 6.7 2.2 6.7 5.0 6.7
Climage change (kg CO2-eq) 10.8 11.8 3.8 12.9 3.8 10.0 2.6

Table S1.39. Environmental impacts of per kg Hz in the H> market of Japan in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 2.4 2.7 1.9 3.9 1.9 3.2 1.8
Ecotoxicity: freshwater (CTUe) 137.9 150.1 1323 1919 132.3 178.5 131.9
Resource use: energy carriers (MJ, net calorificvalue) 177.1  184.2 90.4 210.6 90.4 211.8 914
Eutrophication: aquatic freshwater (kg POs-eq x107%) 1.1 1.3 0.8 2.4 0.8 1.3 0.6

Eutrophication: aquatic marine (kg N-eq x10°%) 3.8 4.5 3.2 6.6 3.2 5.6 3.0
Eutrophication: terrestrial (mol N-eq x107?) 4.8 5.4 3.9 7.6 3.9 6.2 3.9
Human toxicity: cancer effects (CTUh x10°) 2.5 3.0 5.6 4.4 5.6 5.0 5.4
Human toxicity: non- cancer effects (CTUh x107) 0.6 0.7 1.0 1.1 1.0 1.1 1.0
lonising radiation: human health (kBg U%3%-eq) 0.1 1.1 2.6 3.3 2.6 5.6 2.7
Land use (dimensionless) 17.8 27.3 79.0 50.3 79.0 39.1 82.6
Resource use: minerals and metals (kg Sb-eq x10) 0.3 0.5 1.5 0.9 1.5 1.2 1.4
Ozone depletion (kg CFC-11-eq x107) 1.8 2.1 2.1 3.1 2.1 3.6 2.0
Particulate matter (disease incidence x107) 1.1 1.3 1.6 1.9 1.6 1.9 1.6
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Photochemical ozone formation (kg NMVOC-eq x102?) 1.6 1.7 1.1 2.2 1.1 1.9 1.0
Water use (m®world eq. deprived) 0.3 0.7 1.9 1.7 1.9 2.4 2.1
Climage change (kg CO2-eq) 13.1 12.4 0.9 11.4 0.9 7.3 -1.0

Table S1.40. Environmental impacts of per kg Hz in the H2 market of Southeast Asia in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 1.2 1.6 1.3 2.2 1.3 2.3 1.2
Ecotoxicity: freshwater (CTUe) 91.8 111.8 119.3 138.0 119.3 156.7 114.8
Resource use: energy carriers (MJ, net calorific value) 153.5 159.6 65.9 167.5 65.9 167.3 70.0
Eutrophication: aquatic freshwater (kg POs-eq x107%) 1.9 3.1 0.9 4.7 0.9 4.1 0.7

Eutrophication: aquatic marine (kg N-eq x10°%) 1.6 2.6 1.6 3.8 1.6 4.1 1.5
Eutrophication: terrestrial (mol N-eq x107?) 3.0 3.6 1.9 4.4 1.9 4.2 1.6
Human toxicity: cancer effects (CTUh x10°) 1.0 1.7 4.6 2.6 4.6 3.7 4.4
Human toxicity: non- cancer effects (CTUh x107) 0.4 0.6 1.0 0.8 1.0 1.0 0.9
lonising radiation: human health (kBg U?%-eq) 0.1 0.3 0.5 0.7 0.5 1.5 0.8
Land use (dimensionless) 11.6 23.4 121.4 394 121.4 63.1 113.7
Resource use: minerals and metals (kg Sb-eq x10%) 0.2 0.4 1.5 0.6 1.5 1.0 1.4
Ozone depletion (kg CFC-11-eq x107) 6.1 6.1 3.6 6.1 3.6 6.4 3.7
Particulate matter (disease incidence x107) 0.7 1.1 1.1 1.6 1.1 1.8 1.0
Photochemical ozone formation (kg NMVOC-eq x102) 0.7 0.9 0.6 1.1 0.6 1.3 0.6
Water use (m® world eq. deprived) 0.2 1.2 2.7 2.5 2.7 4.9 3.2
Climage change (kg CO2-eq) 12.4 12.4 3.4 12.3 3.4 9.0 2.1

Table S1.41. Environmental impacts of per kg H= in the H> market of Rest of Asia Pacific in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 1.1 1.4 1.3 2.2 1.3 2.4 1.2
Ecotoxicity: freshwater (CTUe) 90.3 101.3 117.3 138.0 117.3 156.8 114.7
Resource use: energy carriers (MJ, net calorificvalue) 152.9 156.0 65.1 167.6 65.1 167.4 69.7
Eutrophication: aquatic freshwater (kg POs-eq x107%) 1.7 2.4 0.9 4.6 0.9 4.1 0.7

Eutrophication: aquatic marine (kg N-eq x10%) 1.6 2.1 1.6 3.8 1.6 4.1 1.4
Eutrophication: terrestrial (mol N-eq x107?) 2.9 3.2 1.9 4.4 1.9 4.1 1.6
Human toxicity: cancer effects (CTUh x10°) 1.0 1.4 4.6 2.6 4.6 3.7 4.5
Human toxicity: non- cancer effects (CTUh x107) 0.4 0.5 1.0 0.8 1.0 1.0 0.9
lonising radiation: human health (kBq U?*-eq) 0.1 0.2 0.5 0.7 0.5 1.6 0.8
Land use (dimensionless) 11.0 18.3 122.3 39.6 122.3 63.5 113.9
Resource use: minerals and metals (kg Sb-eq x10%) 0.2 0.3 1.5 0.5 1.5 1.0 1.4
Ozone depletion (kg CFC-11-eq x107) 6.2 6.2 3.7 6.2 3.7 6.4 3.7
Particulate matter (disease incidence x107) 0.6 0.9 1.0 1.6 1.0 1.8 1.0
Photochemical ozone formation (kg NMVOC-eq x102) 0.7 0.8 0.6 1.1 0.6 1.3 0.6
Water use (m® world eq. deprived) 0.2 0.8 2.7 2.6 2.7 5.0 3.2
Climage change (kg CO2-eq) 12.2 121 3.3 12.2 3.3 9.0 2.1

Table S1.42. Environmental impacts of per kg Hz in the H2 market of Middle East in three scenarios.
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STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 0.5 0.6 1.0 0.9 1.0 1.2 1.0
Ecotoxicity: freshwater (CTUe) 39.7 444 89.4 64.4 89.4 741 80.9
Resource use: energy carriers (MJ, net calorificvalue) 177.1  178.7 90.1 184.0 90.1 177.3 99.7
Eutrophication: aquatic freshwater (kg POs-eq x10) 1.9 2.1 5.4 2.4 5.4 3.5 4.7

Eutrophication: aquatic marine (kg N-eq x107%) 1.4 1.5 1.6 2.0 1.6 2.3 1.6
Eutrophication: terrestrial (mol N-eq x107?) 1.5 1.6 1.7 2.2 1.7 2.5 1.9
Human toxicity: cancer effects (CTUh x10°) 1.3 1.5 3.9 2.1 3.9 2.5 3.7
Human toxicity: non- cancer effects (CTUh x10°8) 2.7 3.1 8.5 4.6 8.5 5.5 7.5
lonising radiation: human health (kBg U%3%-eq) 1.1 1.1 0.7 1.1 0.7 1.0 0.7
Land use (dimensionless) 2.6 5.8 110.7 19.4 110.7 311 102.9
Resource use: minerals and metals (kg Sb-eq x10) 0.2 0.3 1.3 0.5 1.3 0.7 1.1
Ozone depletion (kg CFC-11-eq x107) 4.7 5.0 3.2 6.2 3.2 6.5 3.3
Particulate matter (disease incidence x107) 0.7 0.7 1.1 0.9 1.1 1.0 1.1

Photochemical ozone formation (kg NMVOC-eq x102) 3.2 3.2 1.8 3.0 1.8 2.9 2.0
Water use (m® world eq. deprived) 0.2 0.3 0.7 0.6 0.7 0.8 0.7
Climage change (kg CO2-eq) 12.3 12.2 4.6 11.9 4.6 9.3 3.1

Table S1.43. Environmental impacts of per kg Hz in the H> market of Russia in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 0.9 0.8 1.3 0.8 1.3 71 1.8
Ecotoxicity: freshwater (CTUe) 110.2 108.7 133.9 1084 133.9 2474 1544
Resource use: energy carriers (MJ, net calorificvalue) 185.2 183.7 132.2 183.1 132.2 315.8 106.7
Eutrophication: aquatic freshwater (kg POs-eq x10) 3.2 2.3 5.5 2.3 5.5 3.6 7.

Eutrophication: aquatic marine (kg N-eq x10°) 2.3 2.2 2.7 2.2 2.7 8.1 3.4
Eutrophication: terrestrial (mol N-eq x107?) 2. 2.4 2.8 2.4 2.8 8.0 3.9
Human toxicity: cancer effects (CTUh x10°) 2.6 2.6 4.8 2.6 4.8 6.4 6.5
Human toxicity: non- cancer effects (CTUh x107) 0.3 0.3 0.9 0.3 0.9 1.4 1.2
lonising radiation: human health (kBq U?%-eq) 1.3 1.2 2.0 1.2 2.0 6.7 3.5
Land use (dimensionless) 5.2 6.8 23.2 9.1 23.2 15.5 80.9
Resource use: minerals and metals (kg Sb-eq x10%) 0.3 0.3 1.2 0.3 1.2 1.3 1.8
Ozone depletion (kg CFC-11-eq x10°6) 1.4 1.4 0.9 1.4 0.9 1.6 0.5
Particulate matter (disease incidence x107) 0.8 0.8 1.6 0.8 1.6 3.2 2.6
Photochemical ozone formation (kg NMVOC-eq x102) 2.7 2.7 2.0 2.7 2.0 4.4 1.5
Water use (m® world eq. deprived) 0.4 0.3 1.6 0.3 1.6 4.0 2.9
Climage change (kg CO2-eq) 12.6 12.3 5.9 1.7 5.9 15.7 -0.1

Table S1.44. Environmental impacts of per kg Hz in the H> market of Rest of Eurasia in three scenarios.

STEPS APS NZE

Environmental impact categories (unit)
2020 2030 2050 2030 2050 2030 2050

Acidification (mol H+-eq x107?) 0.9 5.2 1.5 7.8 1.5 7.5 1.8
Ecotoxicity: freshwater (CTUe) 110.2 175.5 148.5 213.1 1485 255.8 154.3
Resource use: energy carriers (MJ, net calorific value) 185.2 233.3 108.4 259.0 108.4 323.8 106.8
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Eutrophication: aquatic freshwater (kg POs-eq x103) 0.3 2.7 0.7 4.3 0.7 3.8 0.8

Eutrophication: aquatic marine (kg N-eq x107%) 2.3 5.3 2.9 7.0 2.9 8.5 3.4
Eutrophication: terrestrial (mol N-eq x107?) 2.5 5.3 3.0 6.8 3.0 8.4 3.9
Human toxicity: cancer effects (CTUh x10°) 2.6 4.0 6.0 4.8 6.0 6.6 6.5
Human toxicity: non- cancer effects (CTUh x107) 0.3 0.8 1.2 1.1 1.2 1.4 1.2
lonising radiation: human health (kBg U%3%-eq) 1.3 2.7 2.4 3.7 2.4 7.0 3.5
Land use (dimensionless) 5.2 10.7 23.3 14.8 23.3 16.0 80.8
Resource use: minerals and metals (kg Sb-eq x10%) 0.3 0.6 1.7 0.8 1.7 1.3 1.8
Ozone depletion (kg CFC-11-eq x10°6) 1.4 1.5 0.7 1.4 0.7 1.6 0.5
Particulate matter (disease incidence x107) 0.8 2.0 2.1 2.5 2.1 3.3 2.6
Photochemical ozone formation (kg NMVOC-eq x102%) 2.7 3.5 1.6 3.9 1.6 4.5 1.5
Water use (m®world eq. deprived) 0.4 1.7 2.2 2.5 2.2 4.2 2.8
Climage change (kg CO2-eq) 12.6 15.4 4.6 16.6 4.6 16.1 -0.1

Cumulative GHG emissions of H2 production

As shown in Figure S1.2, in the STESP, APS and NZE scenarios, China emits 16 Gt CO,-eq,
14 Gt CO,-eq, and 15 Gt CO,-eq GHG emissions from 2020 to 2050. Although China will
produce four times more H, in 2050 in the NZE scenario compared to the STEPS scenario,
the cumulative GHG emissions between 2020 and 2050 in the NZE can be lower than that
inthe STEPS due to the large-scale use of water electrolysis. In the USA, these cumulative
emissions in these scenarios willbe 3.9 Gt CO,-eq, 5.2 Gt CO,-eq, and 6.1 Gt CO-eq. The
H, demand inthe USAin 2050 in the NZE scenariois close to thatin China. However, since
the US has a lower emission intensity of electricity, the cumulative GHG emissions are
lower than China.

Contrary to the decreasing trend of H. production in the STEPS scenario, the EU is
expected to produce more H; in the APS and NZE scenarios. In the EU, the cumulative
GHG emissions of H, production will be 1.6 Gt CO»-eq, 2.4 Gt CO»-eq, and 3.1 Gt CO,-eq
in three scenarios. The high increase of H, production in the APS and NZE scenarios
makes the cumulative GHG emissions in these scenarios higher than those in the STEPS
scenario. The overall H, production related GHG emissions of China, the USA and the EU
in the NZE scenario could use 2.5-8.6%, 1.0-3.4% and 0.5-1.7% of the residual carbon
budget between 2020 and 2050 to limit global warming to 1.5°C with 67% certainty.'*?
Overall, in the NZE scenario, the cumulative GHG emissions of H, production in most
regions will always be higher than in the STEPS scenario. Their H, production mixes in the
NZE scenario need a more significant and faster transition to reverse this trend.
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Figure S1.2. The cumulative GHG emissions of H2 production in China, USA and EU in three scenarios.
Sensitivity analysis

This sensitivity analysis assumes the use of dedicated renewable electricity generation
from solar photovoltaic (PV), on-shore wind, and hydropower, as currently planned and
listed in IEA’s H, production projects database.®® We modeled these as the electricity
source for water electrolysis. The proportion of H, production amount of water
electrolysis powered by renewable electricity in water electrolysis is further assumed as
100% to quantify their impacts on the global and regional cumulative GHG emissions of
H, production by 2050. In addition, NG SMR CCS is further assumed to be replaced by
water electrolysis powered by 100% renewables to quantify the GHG emissions reduction
potential of radically transitioning H, production to green H, technologies.

As shown in Figure S1.3, the 100% renewable electricity-powered water electrolysis and
its substitution for NG SMR CCS have a limited impact on cumulative GHG emissions of
H, production at regional and global levels in the STEPS scenario (declining 3.5% at the
most). STEPS assumes a limited amount of H, production from water electrolysis and NG
CCS. As water electrolysis plays a more critical role in the APS and NZE scenarios, the
impact of the electricity source of water electrolysis on cumulative GHG emissions by
2050 becomes more significant. In the APS scenario, the global cumulative GHG
emissions of H, production by 2050 can decrease by 5.4-10.9%, if 100% of electricity from
renewable sources are used in water electrolysis. Using water electrolysis powered 100%
renewables to further replace NG SMR CCS, the cumulative GHG emissions of H;
production can be reduced by 10.8%-18.0%. In the NZE scenario, the global cumulative
GHG emissions of H, production by 2050 can decrease by 9.8-21.9% and 30.7-49.8%
corresponding to these two assumptions. Unlike in China and the USA, the scale-up of
water electrolysis using dedicated electricity from solar PV will nhot cause a significant
decrease in cumulative GHG emissions of H; production by 2050 in the EU. The EU will
decarbonize its electricity production quicker than China and the USA. In the EU, only on-
shore wind and hydropower can help water electrolysis to decarbonize further as its grid
electricity will move relatively quickly to low carbon emissions. In the USA, the dedicated
renewable has a very limited potential to help water electrolysis to decarbonize further
due to the adoption of BECCS in its grid electricity.
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Figure S1.3. Sensitivity analysis. This figure shows the relative change of global and regional cumulative GHG emissions

of H2 production by 2050 caused by 100% renewable electricity-powered water electrolysis and its further substitution
for NG SMR CCS. The “NGCCS+” refers to the grid-connected water electrolysis and NG SMR CCS.
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S2 Supporting information for chapter 3

S2.1 Propulsion systems

Ship information

Table S2.1. Main information of the case ship Colombo Express.

Specification Value
Overall Length 335m
Beam 43 m
Deadweight tonnage (DWT) 103,800t
Payload utilization rate 62%

Main Engine Power

2 stroke 68.64 MW

Propellers 1x Fixed pitch propeller
Boilers 1x Auxiliary boiler, composite
Generators 2*4.267 MW
1*2.454 MW
1*1.867 MW
Cargo gear Gearless
Fuel Capacity 12,000 m®
Maximum Speed 25.2 knots
Average Speed (SOA) 20 knots
Built year 2005
Propulsion system configuration
a. HFO-ICE b. Liquid Hz-ICE
G 1 OO :
» . | | b .
Sl T o, e I N Y
HFO tank Diecel ICE Exhaust heats Propeller Liquid Hz Dual-fuel ICE Exhaustheat |  propeller
(25) H tank (25) '
: ¥ :
— 7N : .
- i~ (8 - G ) d~ [ < G
Diesel ICE Altemator  Switchboard | Auxiliary system Dual-fuel ICE Altemator ©  Switchboa rd Auxiliary system
(as) A : (as) [ 4
I|M'I H . Re-liguefaction I'M" =l
SCR Composite boiler plant SCR Composite boiler
c. Liquid NHs-ICE d. MeOH-ICE
- S A e ¥
T W\ T/ At S R Ty o N A o N
qu:;::Hz Duall—;uS]eI IcE Exhaust heat i Propeller MeOH tank Dual;fzu;I ICE Exhaustheat E Propeller
. ' [
- LR
) i~ (F o B S~ [ 4 B
Dual-fuel ICE Alternator | Switchboard| Juxiliary system Dual-fuel ICE  Altemator ' Switchboard | Auxiliary system
: I4SJ ) | S — Iqs’ -------
.
Re-liquefaction I'M 'I : . " m'l m .
plant SCR Composite boiler SCR Composite boiler

Figure S2.1. The component configuration of different propulsion systems."

" The switchboard is created by Andreis Kirma from Noun Project. Ammonia cracker is designed by Eucalyp from Noun
Project. Battery is designed by Adrien Coquet from Noun Project. The image of inverter is designed by Maurizio Fusillo
from Noun Project. The SCR is designed by Thanga Vignesh from Noun Project. The image of fuel tank is from
https://www.pikpng.com/pngvi/bRTRiw_fuel-tank-storage-tank-gasoline-clip-art-oil-tank-icon-png-transparent).
Otherimages are from Flaction.com.
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Figure S2.2. The schematic diagram of calculating the cargo space and weight loss of Hz2-based fuel ship compared to
the HFO ship.

Key parameters

Table S2.2. The key technical parameters of components in propulsion systems and their data sources. In this table, the
mass and volume factors are multiplied by the component sizes to calculate the mass and volume of the respective
propulsion systems.

Efficiency Lifespan Mass factor  Volume factor Parameters

Component (%) (years) (t/MW) (M3/MW) source LClsource
Diesel ICE (Main) 50 25 29.2 27.5 26,207 25,26
Dua.l-fuel ICE H2/MeOH 48 25 09.9 275 12,207 ”
(Main)

Dual-fuel ICE NHz (Main) 46 25 29.2 27.5 42,207 26
Diesel ICE (Auxiliary) 48 25 29.2 27.5 26,207 2
Dual.-l.‘uel ICE H2/MeOH 46 25 09.9 275 42,207 »
(Auxiliary)

Dual'-fuel ICE NH3 44 o5 29.2 975 12,207 ”
(Auxiliary)

Alternator 96 25 2.5 5.0 26,207 109
Shafting 99 25 - _ 208, 209 168
Switchboard 99.8 11 0.7 1.4 226-228 109, 168
SCR? - 25 0.9 5.0 210,211 25

a. The SCR is equipped to reduce nitrogen oxide emissions to meet the IMO Tier Ill regulations. For the HFO, H2 and
MeOH engines, urea is used as the reducing agent to convert nitrogen oxides to diatomic nitrogen and water. For the
NHs engine, the unburned NHs acts as the reducing agent.?

Table S2.3. The key technical parameters and data source of fuels and their storage. In this table, the gravimetric and
volumetric energy density, including tank, can be multiplied by the energy demand in different scenarios to determine
the total mass and volume of the fuel and tank.

Fuel Lower heating Gravimetric Volumetric Data source LCI of LCI of tanks
value (MWh/t) energy density energy density fuels
including tank including tank
(MWh/t) (MWh/m?)
HFO 11.2 9.7 11.1 238 109 234
MGO 11.9 10.1 10.1 8,217 109 24
Liquid H: 33.3 5.6 1.3 23 53,175,176 25
quuld NH3 52 42 29 233,236 53,54 237,238,319
MeOH 56 46 44 233 53,177,178 109, 234, 278

Table S2.4. Emissions of different propulsion systems.

Propulsion systems HFO-ICE#2 23%-241 Ha-ICE?5 42239241 NH3-ICE?5 42239241 ZI\;ISGOH-ICEAZ e
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ICE type Diecel ICE Dual-fuel ICE Dual-fuel ICE Dual-fuel ICE

Engine Main Aux Main Aux Main Aux Main Aux
Specific fuel 1786 186.0  59.4 62.0 397.2 4152  353.4  368.8
consumption (g/kWh)

Pilot fuel (g/kWh) - - 8.8 9.1 9.1 9.5 8.8 9.1
Urea/NHs (g/kWh) 14.4 9.6 14.4 - 8.2 6.6 14.4 3.7
CHa (g/kWh) 0.009 0.009 0.0004 0.0004 0.0004 0.0004 0.0004 0.0004
CO (g/kWh) 0.9 1.0 0.2 0.2 0.2 0.2 4.1 4.3
CO2 (g/kWh) 585 605 38 29 29 30 536 551
NOx (g/kWh) 3.4 2.6 3.4 0.7 3.4 2.6 3.4 2.6
N20 (g/kWh) 0.029 0.030 0.001 0.002 0.013 0.014 0.001 0.002
NHs (g/kWh) 0.026 0.026 0.024 0.0001 0.037 0.038 0.024 0.024
NMVOC (g/kWh) 0.424 0.441 0.024 0.025 0.025 0.026 0.021 0.022
PM1o (g/kWh) 0.051 0.053 0.003 0.003 0.003 0.003 0.011 0.011
PM2.s 0.581 0.605 0.029 0.031 0.031 0.032 0.123 0.128
SO2 (g/kWh) 1.795 1.869 0.086 0.090 0.090 0.094 0.086 0.090
Formaldehyde (g/kWh) - - - - - - 0.192 0.200

S2.2 Unit process data

The unit process data used in this study are shown below. For process data not directly
available from the premise pLCA database, corresponding life cycle inventories were
developed and are marked with an asterisk (*).

Ship operation

Table S2. 5. Life cycle inventory of transport, container ship, HFO-ICE, scenario R-A-N (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, HFO-ICE* 4.96E-12 unit

fuel tank, heavy fuel oil* 8.77E-06 kilogram
market for maintenance, container ship 1.20E-11 unit
heavy fuel oil, very low-sulphur* 5.79E-03 kilogram
urea solution, 40 wt%* 1.10E-03 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 2.78E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.02E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.89E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.05E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 9.28E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.40E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.37E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.63E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 5.80E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.88E-05 kilogram

Table S2.6. Life cycle inventory of transport, container ship, liquid H2-DFICE, scenario R-A-N (1 t-nm).

Exchanges amount unit

Economic flows
container ship production, liquid H>-DFICE* 5.77E-12 unit

fuel tank, heavy fuel oil* 4.93E-07 kilogram
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fuel tank, cryogenic, liquid hydrogen* 9.62E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 3.14E-09 unit
market for maintenance, container ship 1.39E-11 unit
liquid hydrogen production* 2.29E-03 kilogram
marine gas oil, very low-sulphur* 3.39E-04 kilogram
urea solution, 40 wt%* 1.14E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.59E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 6.23E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.40E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.12E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.63E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 7.61E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  9.24E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 9.83E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.32E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.13E-06 kilogram
Table S2.7. Life cycle inventory of transport, container ship, liquid NHs-DFICE, scenario R-A-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid NHs-DFICE* 6.64E-12 unit
fuel tank, heavy fuel oil* 5.79E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 3.50E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 2.41E-09 unit
market for maintenance, container ship 1.60E-11 unit
ammonia production, liquid* 1.73E-02 kilogram
marine gas oil, very low-sulphur* 3.97E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.86E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 7.30E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.25E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.41E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.80E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.59E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  1.08E-06 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.15E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.89E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.32E-06 kilogram
Table S2.8. Life cycle inventory of transport, container ship, MeOH-DFICE, scenario R-A-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, MeOH-DFICE* 6.14E-12 unit
fuel tank, heavy fuel oil* 5.13E-07 kilogram
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fuel tank, methanol* 2.41E-05 kilogram
market for maintenance, container ship 1.48E-11 unit
methanol production, CO2 from DAC* 1.42E-02 kilogram
marine gas oil, very low-sulphur* 3.51E-04 kilogram
urea solution, 40 wt%* 1.27E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.65E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.66E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.14E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.30E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.83E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 9.58E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  8.53E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 4.28E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.44E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 7.69E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 4.93E-06 kilogram
Table S2.9. Life cycle inventory of transport, container ship, HFO-ICE, scenario R-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, HFO-ICE* 6.20E-12 unit
fuel tank, heavy fuel oil* 1.10E-05 kilogram
market for maintenance, container ship 1.50E-11 unit
heavy fuel oil, very low-sulphur* 4.42E-03 kilogram
urea solution, 40 wt%* 8.05E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.13E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.31E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.44E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.81E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.09E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.40E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  1.05E-05 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.25E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.43E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.44E-05 kilogram
Table S2.10. Life cycle inventory of transport, container ship, liquid H>-DFICE, scenario R-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H>-DFICE* 6.90E-12 unit
fuel tank, heavy fuel oil* 4.53E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 8.85E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 2.87E-09 unit
market for maintenance, container ship 1.67E-11 unit
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liquid hydrogen production* 1.69E-03 kilogram
marine gas oil, very low-sulphur* 2.50E-04 kilogram
urea solution, 40 wt%* 7.30E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.17E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.59E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.00E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.44E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.15E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.89E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  6.81E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 7.24E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.45E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 8.33E-07 kilogram
Table S2.11. Life cycle inventory of transport, container ship, liquid NHs-DFICE, scenario R-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid NH3-DFICE* 7.63E-12 unit
fuel tank, heavy fuel oil* 5.09E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 3.08E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 2.12E-09 unit
market for maintenance, container ship 1.84E-11 unit
ammonia production, liquid* 1.22E-02 kilogram
marine gas oil, very low-sulphur* 2.79E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.31E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.13E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 8.79E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 9.62E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.08E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.12E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  7.60E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 8.09E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.73E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 9.31E-07 kilogram
Table S2.12. Life cycle inventory of transport, container ship, MeOH-DFICE, scenario R-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, MeOH-DFICE* 7.21E-12 unit
fuel tank, heavy fuel oil* 4.60E-07 kilogram
fuel tank, methanol* 2.16E-05 kilogram
market for maintenance, container ship 1.74E-11 unit
methanol production, CO2 from DAC* 1.02E-02 kilogram
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marine gas oil, very low-sulphur* 2.52E-04 kilogram
urea solution, 40 wt%* 8.30E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.18E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.19E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.53E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 9.09E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.19E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.86E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  6.12E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 3.08E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.47E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 5.52E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 3.54E-06 kilogram
Table S2.13. Life cycle inventory of transport, container ship, HFO-ICE, scenario S-A-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, HFO-ICE* 4.96E-12 unit
fuel tank, heavy fuel oil* 8.77E-06 kilogram
market for maintenance, container ship 1.20E-11 unit
heavy fuel oil, very low-sulphur* 6.02E-03 kilogram
urea solution, 40 wt%* 1.14E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.90E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.14E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.97E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.10E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 9.66E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.75E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  1.42E-05 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.70E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.04E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.95E-05 kilogram
Table S2.14. Life cycle inventory of transport, container ship, liquid H>-DFICE, scenario S-A-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H>-DFICE* 5.26E-12 unit
fuel tank, heavy fuel oil* 2.31E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 4.52E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 1.49E-09 unit
market for maintenance, container ship 1.27E-11 unit
liquid hydrogen production* 2.15E-03 kilogram
marine gas oil, very low-sulphur* 3.18E-04 kilogram
urea solution, 40 wt%* 1.09E-03 kilogram
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Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.49E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.84E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.32E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.07E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.28E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 7.28E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  8.66E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 9.21E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.11E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.06E-06 kilogram
Table S2.15. Life cycle inventory of transport, container ship, liquid NH3-DFICE, scenario S-A-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid NH3-DFICE* 5.63E-12 unit
fuel tank, heavy fuel oil* 2.55E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 1.54E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 1.06E-09 unit
market for maintenance, container ship 1.36E-11 unit
ammonia production, liquid* 1.53E-02 kilogram
marine gas oil, very low-sulphur* 3.50E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.64E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 6.43E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.10E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.24E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.11E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.40E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  9.54E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.01E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.43E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.17E-06 kilogram
Table S2.16. Life cycle inventory of transport, container ship, MeOH-DFICE, scenario S-A-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, MeOH-DFICE* 5.43E-12 unit
fuel tank, heavy fuel oil* 2.36E-07 kilogram
fuel tank, methanol* 1.11E-05 kilogram
market for maintenance, container ship 1.31E-11 unit
methanol production, CO2 from DAC* 1.31E-02 kilogram
marine gas oil, very low-sulphur* 3.24E-04 kilogram
urea solution, 40 wt%* 1.17E-03 kilogram

Environmental flows
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Methane, fossil (to air, non-urban air or from high stacks) 1.51E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.53E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.97E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.20E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.37E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.83E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  7.85E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 3.94E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.17E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 7.08E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 4.54E-06 kilogram
Table S2.17. Life cycle inventory of transport, container ship, HFO-ICE, scenario S-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, HFO-ICE* 6.20E-12 unit
fuel tank, heavy fuel oil* 1.10E-05 kilogram
market for maintenance, container ship 1.50E-11 unit
heavy fuel oil, very low-sulphur* 4.42E-03 kilogram
urea solution, 40 wt%* 8.05E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.13E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.31E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.44E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.81E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.09E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.40E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  1.05E-05 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.25E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.43E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.44E-05 kilogram
Table S2.18. Life cycle inventory of transport, container ship, liquid H>-DFICE, scenario S-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H.-DFICE* 6.43E-12 unit
fuel tank, heavy fuel oil* 2.08E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 4.06E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 1.34E-09 unit
market for maintenance, container ship 1.55E-11 unit
liquid hydrogen production* 1.55E-03 kilogram
marine gas oil, very low-sulphur* 2.29E-04 kilogram
urea solution, 40 wt%* 6.79E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.07E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.20E-06 kilogram
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Carbon dioxide, fossil (to air, non-urban air or from high stacks) 9.20E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 6.90E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.80E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.56E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  6.23E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 6.63E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.24E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 7.63E-07 kilogram
Table S2.19. Life cycle inventory of transport, container ship, liquid NH3-DFICE, scenario S-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid NHs-DFICE* 6.74E-12 unit
fuel tank, heavy fuel oil* 2.25E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 1.36E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 9.37E-10 unit
market for maintenance, container ship 1.63E-11 unit
ammonia production, liquid* 1.07E-02 kilogram
marine gas oil, very low-sulphur* 2.46E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.15E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.53E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 7.76E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 8.49E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.60E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 9.85E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  6.71E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 7.14E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.41E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 8.21E-07 kilogram
Table S2.20. Life cycle inventory of transport, container ship, MeOH-DFICE, scenario S-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, MeOH-DFICE* 6.57E-12 unit
fuel tank, heavy fuel oil* 2.10E-07 kilogram
fuel tank, methanol* 9.85E-06 kilogram
market for maintenance, container ship 1.59E-11 unit
methanol production, CO2 from DAC* 9.28E-03 kilogram
marine gas oil, very low-sulphur* 2.30E-04 kilogram
urea solution, 40 wt%* 7.56E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.08E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.09E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.40E-02 kilogram
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Nitrogen oxides (to air, non-urban air or from high stacks) 8.28E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.82E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.25E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  5.58E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 2.80E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.25E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 5.03E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 3.22E-06 kilogram
Table S2.21. Life cycle inventory of transport, container ship, HFO-ICE, scenario S-A-I (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, HFO-ICE* 4.96E-12 unit
fuel tank, heavy fuel oil* 8.77E-06 kilogram
market for maintenance, container ship 1.20E-11 unit
heavy fuel oil, very low-sulphur* 6.02E-03 kilogram
urea solution, 40 wt%* 1.14E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.90E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.14E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.97E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.10E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 9.66E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.75E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  1.42E-05 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.70E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.04E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.95E-05 kilogram
Table S2.22. Life cycle inventory of transport, container ship, liquid H>-DFICE, scenario S-A-I (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H.-DFICE* 5.03E-12 unit
fuel tank, heavy fuel oil* 1.10E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 2.15E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 7.13E-10 unit
market for maintenance, container ship 1.22E-11 unit
liquid hydrogen production* 2.04E-03 kilogram
marine gas oil, very low-sulphur* 3.02E-04 kilogram
urea solution, 40 wt%* 1.04E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.41E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.55E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.26E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.02E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.01E-08 kilogram
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Ammonia (to air, non-urban air or from high stacks) 6.96E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  8.23E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 8.75E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.96E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.01E-06 kilogram
Table S2.23. Life cycle inventory of transport, container ship, liquid NHs-DFICE, scenario S-A-1 (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid NHs-DFICE* 5.20E-12 unit
fuel tank, heavy fuel oil* 1.18E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 7.13E-06 kilogram
Reliquefaction plant, 1 kg/h capacity* 4.92E-10 unit
market for maintenance, container ship 1.25E-11 unit
ammonia production, liquid* 1.41E-02 kilogram
marine gas oil, very low-sulphur* 3.23E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.51E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.94E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.02E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.15E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.72E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.29E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  8.81E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 9.37E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.16E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.08E-06 kilogram
Table S2.24. Life cycle inventory of transport, container ship, MeOH-DFICE, scenario S-A-I (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, MeOH-DFICE* 5.11E-12 unit
fuel tank, heavy fuel oil* 1.11E-07 kilogram
fuel tank, methanol* 5.22E-06 kilogram
market for maintenance, container ship 1.23E-11 unit
methanol production, CO2 from DAC* 1.23E-02 kilogram
marine gas oil, very low-sulphur* 3.05E-04 kilogram
urea solution, 40 wt%* 1.10E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.43E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.44E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.85E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.13E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.05E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.31E-07 kilogram
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NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  7.39E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 3.71E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.98E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 6.66E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 4.27E-06 kilogram
Table S2.25. Life cycle inventory of transport, container ship, HFO-ICE, scenario S-L-I (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, HFO-ICE* 6.20E-12 unit
fuel tank, heavy fuel oil* 1.10E-05 kilogram
market for maintenance, container ship 1.50E-11 unit
heavy fuel oil, very low-sulphur* 4.42E-03 kilogram
urea solution, 40 wt%* 8.05E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.13E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.31E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.44E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.81E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.09E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.40E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  1.05E-05 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.25E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.43E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.44E-05 kilogram
Table S2.26. Life cycle inventory of transport, container ship, liquid H>-DFICE, scenario S-L-I (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H.-DFICE* 6.22E-12 unit
fuel tank, heavy fuel oil* 1.00E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 1.95E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 6.47E-10 unit
market for maintenance, container ship 1.50E-11 unit
liquid hydrogen production* 1.48E-03 kilogram
marine gas oil, very low-sulphur* 2.20E-04 kilogram
urea solution, 40 wt%* 6.58E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.03E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.04E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 8.85E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 6.66E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.65E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.41E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  5.98E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 6.36E-08 kilogram
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Sulfur dioxide (to air, non-urban air or from high stacks) 2.15E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 7.32E-07 kilogram
Table S2.27. Life cycle inventory of transport, container ship, liquid NHs-DFICE, scenario S-L-1 (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid NHs-DFICE* 6.37E-12 unit
fuel tank, heavy fuel oil* 1.06E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 6.42E-06 kilogram
Reliquefaction plant, 1 kg/h capacity* 4.43E-10 unit
market for maintenance, container ship 1.54E-11 unit
ammonia production, liquid* 1.02E-02 kilogram
marine gas oil, very low-sulphur* 2.33E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.09E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.28E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 7.33E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 8.02E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.40E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 9.30E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  6.34E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 6.75E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.28E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 7.76E-07 kilogram
Table S2.28. Life cycle inventory of transport, container ship, MeOH-DFICE, scenario S-L-I (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, MeOH-DFICE* 6.29E-12 unit
fuel tank, heavy fuel oil* 1.00E-07 kilogram
fuel tank, methanol* 4.72E-06 kilogram
market for maintenance, container ship 1.52E-11 unit
methanol production, CO2 from DAC* 8.89E-03 kilogram
marine gas oil, very low-sulphur* 2.20E-04 kilogram
urea solution, 40 wt%* 7.24E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.03E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.04E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.34E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.93E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.66E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 5.98E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  5.34E-07 kilogram
urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 2.68E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.16E-06 kilogram
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Formaldehyde (to air, non-urban air or from high stacks) 4.82E-06 kilogram

Particulates, < 2.5 um (to air, non-urban air or from high stacks) 3.09E-06 kilogram

Ship production

Table S2.29. Life cycle inventory of container ship production, HFO-ICE (1 unit).

Exchanges amount unit

Economic flows
hull production, container ship, for DWT 103800* 1 unit
propulsion system, HFO-ICE* 1 unit

Table S2.30. Life cycle inventory of hull production, container ship, for DWT 103800 (1 unit).

Exchanges amount unit source

Economic flows

market for reinforcing steel 4.49E+07 kilogram 167
market for copper, cathode 7.12E+04 kilogram 167
market for bronze 6.67E+04 kilogram 167
market for zinc 3.11E+05 kilogram 167
market for aluminium, wrought alloy 2.22E+04 kilogram 167
market for cast iron 1.74E+06 kilogram 167
market for electronic component machinery, unspecified 2.22E+02 unit 167
market for glass wool mat 3.78E+05 kilogram 167 168
market for asbestos, crysotile type 3.78E+05 kilogram 167 168
market for sanitary ceramics 3.78E+05 kilogram 167 168
market for polypropylene, granulate 1.07E+05 kilogram 167 168
market for polyethylene, high density, granulate 1.07E+05 kilogram 167 168
market for polystyrene, expandable 1.07E+05 kilogram 167 168
market for polyvinylidenchloride, granulate 1.07E+05 kilogram 167 168
market for polyurethane, flexible foam 1.07E+05 kilogram 167 168
market for glued laminated timber, average glue mix 9.25E+02 cubic meter 167 168
;nt:tr:et for alkyd paint, white, without solvent, in 60% solution 2 29E+05 kilogram 167
market for welding, arc, steel 2.79E+07 meter 168
market for welding, gas, steel 1.77E+08 meter 168
market group for electricity, medium voltage 1.48E+07 kilowatt hour 168
rg’r:;rket group for heat, district or industrial, other than natural 1.70E+07 megajoule 168
market for inert waste, for final disposal -3.78E+05 kilogram 168
market for scrap aluminium -2.22E+04 kilogram 168
market for scrap copper -7.12E+04 kilogram 168
market for scrap steel -4.49E+07 kilogram 168
market for waste electric and electronic equipment -5.56E+05 kilogram 168
market for waste emulsion paint -2.14E+05 kilogram 168
market for waste mineral wool -7.56E+05 kilogram 168
market for waste plastic, mixture -5.34E+05 kilogram 168
bronze scrap, post-consumer, Recycled Content cut-off -6.67E+04 kilogram 168
iron scrap, unsorted, Recycled Content cut-off -1.74E+06 kilogram 168
zinc scrap, post-consumer, Recycled Content cut-off -3.11E+05 kilogram 168
Environmental flows

NMVOC, non-methane volatile organic compounds, 1.82E+05 kilogram 168
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unspecified origin (to air)

Hydrocarbons, unspecified (to water) 4.00E+03 kilogram 168
Hydrocarbons, unspecified (to soil) 4.00E+03 kilogram 168
Table S2.31. Life cycle inventory of propulsion system, HFO-ICE (1 unit).
Exchanges amount unit
Economic flows
marine engine, Cl, ICE* 68.64 MW
market for generator, 200kW electrical 64.3 unit
marine engine, Cl, ICE* 12.86 MW
market for control cabinet, heat and power co-generation unit, 160kW 231.375 unit
electrical
SCR* 81.5 MW
market for oil boiler, 100kW 6.2 unit
Table S2.32. Life cycle inventory of marine engine, Cl, ICE (1 MW).
Exchanges amount unit
Economic flows
market for steel, chromium steel 18/8 11674.07 kilogram
market for cast iron 13425.19 kilogram
market for aluminium, primary, ingot 2334.81 kilogram
market for zinc 58.37 kilogram
market for wire drawing, copper 29.19 kilogram
market for lead 29.19 kilogram
market for nylon 6 262.67 kilogram
market for silicone product 262.67 kilogram
market for alkyd paint, white, without solvent, in 60% solution state 262.67 kilogram
market for lubricating oil 875.56 kilogram
market group for electricity, medium voltage 10800 kilowatt hour
Source: Kanchiralla et al.?®
Table S2.33. Life cycle inventory of SCR (1 MW).
Exchanges amount unit
Economic flows
market for steel, chromium steel 18/8 942.08 kilogram
market for titanium dioxide 4.72 kilogram
Source: Kanchiralla et al.?
Table S2.34. Life cycle inventory of fuel tank, heavy fuel oil (1 kg).
Exchanges amount unit
Economic flows
market for steel, unalloyed 1.16 kilogram
market for sheet rolling, steel 1.16 kilogram
market for scrap steel -0.278 kilogram
market for epoxy resin, liquid 0.118 kilogram
market group for electricity, low voltage 0.47 kilowatt hour
Source: Dlamini et al.2%
Table S2.35. Life cycle inventory of container ship production, liquid H>-DFICE (1 unit).
Exchanges amount unit
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Economic flows

hull production, container ship, for DWT 103800* 1 unit
propulsion system, liquid H>-DFICE * 1 unit
Table S2.36. Life cycle inventory of propulsion system, liquid Hz-DFICE (1 unit).
Exchanges amount unit
Economic flows
marine engine, Cl, ICE* 68.64 MW
market for generator, 200kW electrical 64.3 unit
marine engine, Cl, ICE* 12.86 MW
market for control cabinet, heat and power co-generation unit, 160kW 231.375 unit
electrical
SCR* 68.64 MW
electric boiler, 100kW* 6.2 unit
Table S2.37. Life cycle inventory of electric boiler, T00kW (1 unit).
Exchanges amount unit
Economic flows
market group for electricity, medium voltage 749.59 kilowatt hour
market for heat, district or industrial, other than natural gas 1264.04 megajoule
market for glass fibre 3.15 kilogram
market for stone wool 1.92 kilogram
market for sanitary ceramics 4.79 kilogram
market for expanded vermiculite 11.64 kilogram
market for brass 15.89 kilogram
market for castiron 53.97 kilogram
market for steel, low-alloyed, hot rolled 93.62 kilogram
market for zinc coat, coils 69.59 square meter
market for steel, chromium steel 18/8 62.33 kilogram
market for steel, low-alloyed 87.67 kilogram
market for steel, unalloyed 62.60 kilogram
market for cable, unspecified 44.52 kilogram
market for electric connector, wire clamp 4.25 kilogram
market for electronics, for control units 3.29 kilogram
market for printed wiring board, surface mounted, unspecified, Pb free 6.30 kilogram
market for resistor, wirewound, through-hole mounting 10.14 kilogram
market for nylon 6-6 0.92 kilogram
market for polyvinylchloride, bulk polymerised 0.33 kilogram
market for polyethylene, low density, granulate 0.66 kilogram
market for silicone product 0.49 kilogram
market for alkyd paint, white, without solvent, in 60% solution state 3.42 kilogram
market for coating powder 0.89 kilogram
market for inert waste, for final disposal -44.20 kilogram
iron scrap, unsorted, Recycled Content cut-off -185.07 kilogram
market for scrap steel -185.07 kilogram
market for electronics scrap from control units -0.76 kilogram
market for used cable -30.27 kilogram
market for waste electric wiring -0.34 kilogram
market for waste polyethylene 0.00 kilogram
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market for waste polyvinylchloride -0.25 kilogram
market for waste plastic, mixture -1.41 kilogram
market for waste paint on metal -4.32 kilogram
Source: Abbas?*?
Table S2.38. Life cycle inventory of fuel tank, cryogenic, liquid hydrogen (1 kg).
Exchanges amount unit
Economic flows
market for compressed air, 1000 kPa gauge 3.76E-04 cubic meter
market group for electricity, low voltage 5.98E-01 kilowatt hour
market for steel, chromium steel 18/8 9.74E-01 kilogram
market for aluminium alloy, AlIMg3 2.59E-02 kilogram
Source: Abbas?®
Table S2.39. Life cycle inventory of reliquefaction plant, 1 kg/h capacity (1 unit).
Exchanges Amount Unit
Economic flows
market for steel, chromium steel 18/8 16.5 kilogram
market for cast iron 6 kilogram
market for steel, unalloyed 54 kilogram
market for aluminium, primary, ingot 2.1 kilogram
market for casting, steel, lost-wax 21.9 kilogram
market for casting, aluminium, lost-wax 2.1 kilogram
market group for electricity, medium voltage 11.34 kilowatt hour
market for scrap steel -21.90 kilogram
market for scrap aluminium -2.10 kilogram
market for iron scrap, unsorted -6.00 kilogram
market for natural gas, liquefied 0.01 cubic meter
market for nitrogen, liquid 4.18 kilogram
Source: Park et al.?’®
Table S2.40. Life cycle inventory of container ship production, liquid NH3s-DFICE (1 unit).
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800 1 unit
propulsion system, liquid NHs-DFICE 1 unit
Table S2.41. Life cycle inventory of propulsion system, liquid NH3s-DFICE (1 unit).
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 68.64 MW
market for generator, 200kW electrical 64.3 unit
marine engine, Cl, ICE* 12.86 MW
market for control cabinet, heat and power co-generation unit, 160kW 231.375 unit
electrical
SCR* 81.5 MW
electric boiler, 100kW* 6.2 unit
Table S2.42. Life cycle inventory of fuel tank, cryogenic, liquid ammonia (1 kg).
Exchanges Amount Unit
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Economic flows

market for steel, low-alloyed 0.55 kilogram
market for steel, unalloyed 0.56 kilogram
market for sheet rolling, steel 1.1 kilogram
market for scrap steel -0.11 kilogram

Source: Ryste?*” and Cryocan?®

Table S2.43. Life cycle inventory of container ship production, MeOH-DFICE (1 unit).
Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1 unit
propulsion system, MeOH-DFICE* 1 unit

Table S2.44. Life cycle inventory of propulsion system, MeOH-DFICE (1 unit).
Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 68.64 MW
market for generator, 200kW electrical 64.3 unit
marine engine, Cl, ICE* 12.86 MW
market for control cabinet, heat and power co-generation unit, 160kW 231.375 unit
electrical

SCR* 81.5 MW
electric boiler, 100kW* 6.2 unit

Table S2.45. Life cycle inventory of fuel tank, methanol (1 kg).
Exchanges Amount Unit

Economic flows

market for steel, unalloyed 1.16 kilogram
market for sheet rolling, steel 1.16 kilogram
market for scrap steel -0.28 kilogram
market for epoxy resin, liquid 0.12 kilogram
market group for electricity, low voltage 0.47 kilowatt hour

Source: Dlamini et al.?*and CGH 278

Fuel supply

Inthe production processes of Hy-based fuels, the input of “market for hydrogen, gaseous,
25-30 bar” is from the databases established by.%?

Table S2.46. Life cycle inventory of heavy fuel oil, very low-sulphur (1 kg).
Exchanges Amount Unit

Economic flows

market for heavy fuel oil 1.00 kilogram
market group for electricity, low voltage 5.46E-03 kilowatt hour
market for petroleum coke 9.20E-05 kilogram
market for hydrogen, gaseous 8.92E-03 kilogram

Environmental flows
Hydrogen sulfide (to air) 5.63E-03 kilogram

Source: Silva'*

Table S2. 47. Life cycle inventory of marine gas oil, very low-sulphur (1 kg).
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Exchanges Amount Unit
Economic flows
market group for diesel, low-sulfur 1.00 kilogram
market group for electricity, low voltage 5.46E-03 kilowatt hour
market for petroleum coke 9.20E-05 kilogram
market for hydrogen, gaseous 8.92E-03 kilogram
Environmental flows
Hydrogen sulfide (to air) 5.63E-03 kilogram
Source: Silva'4
Table S2.48. Life cycle inventory of liquid hydrogen production (1 kg).
Exchanges amount unit source
Economic flows
market for hydrogen, gaseous, 25-30 bar* 1.0162 kilogram 175
hydrogen liquefaction plant construction* 3.43E-09 unit 175
market group for electricity, low voltage 10.5 kilowatt hour 178
Environmental flows
Hydrogen (to air) 1.62E-02 kilogram 175
Table S2.49. Life cycle inventory of hydrogen liquefaction plant construction (1 unit).
Exchanges amount unit
Economic flows
market for steel, chromium steel 18/8 5.95E+05 kilogram
market for reinforcing steel 3.80E+05 kilogram
market group for concrete, normal 2.03E+04 cubic meter
market for copper, cathode 1.50E+05 kilogram
market for aluminium alloy, AlMg3 1.40E+05 kilogram
Source: Wulf and Zapp'”®
Table S2.50. Life cycle inventory of ammonia production, liquid (1 kg).
Exchanges amount unit
Economic flows
market for hydrogen, gaseous, 25-30 bar* 0.176 kilogram
nitrogen, gaseous, from cryogenic distillation, without compression* 0.815 kilogram
ammonia synthesis catalyst* 5.15E-05 kilogram
market for chemical factory, organics 3.29E-10 unit
market group for electricity, low voltage 1.440 kilowatt hour
treatment of inert waste, inert material landfill -5.15E-05 kilogram
Environmental flows
Water, cooling, unspecified natural origin (from natural resource) 0.149 cubic meter
Hydrogen (to air) 7.67E-04 kilogram
Ammonia (to air) 1.63E-03 kilogram
Nitrogen oxides (to air) 1.00E-03 kilogram
Water (to air) 4.76E-02 cubic meter
Water (to water) 1.01E-01 cubic meter

Source: D’Angelo et al.>*

Table S2.51. Life cycle inventory of nitrogen, gaseous, from cryogenic distillation, without compression (1 kg).

Exchanges

amount

unit
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Economic flows

market for air separation facility 4.43E-10 unit
Environmental flows
Water, cooling, unspecified natural origin (from natural resource) 4.00 E-03 cubic meter
Water (to water) 2.45E-03 cubic meter
Source: D’Angelo et al.>*
Table S2.52. Life cycle inventory of ammonia synthesis catalyst (1 kg).
Exchanges amount unit
Economic flows
market for magnetite 0.917 kilogram
market for lime 3.00E-02 kilogram
market for zeolite, powder 5.25E-02 kilogram
market group for electricity, low voltage 1.78 kilowatt hour
Source: D’Angelo et al.>*
Table S2.53. Life cycle inventory of methanol production, CO:2 from DAC (1 kg).
Exchanges amount unit
Economic flows
CO2 from DAC* 1.51 kilogram
market for hydrogen, gaseous, 25-30 bar* 0.208 kilogram
market group for electricity, high voltage 0.272 kilowatt hour
market for steel, chromium steel 18/8 1.53E-04 kilogram
market for aluminium oxide, non-metallurgical 1.20E-05 kilogram
market for copper oxide 6.20E-05 kilogram
market for zinc oxide 2.90E-05 kilogram
market for heat, from steam, in chemical industry -0.4397 megajoule
market for wastewater, average -5.71E-04 cubic meter
Environmental flows
Carbon dioxide, fossil (to air) 0.077 kilogram
Methanol (to air) 0.01 kilogram
Nitrogen oxides (to air) 1.78E-06 kilogram
Source: Gonzélez-Garay et al."””
Table S2.54. Life cycle inventory of COz from DAC (1 kg)
Exchanges amount unit
Economic flows
market group for electricity, high voltage 0.366 kilowatt hour
market group for tap water 3.105 kilogram
market group for natural gas, high pressure 0.1895 cubic meter
market for calcium carbonate, precipitated 0.02 kilogram
Environmental flows
Carbon dioxide, in air (from natural resource) 1 kilogram
Source: Keith et al.’”®
Others
Table S2.55. Life cycle inventory of urea solution, 40 wt% (kg).
Exchanges Amount Unit

Economic flows
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market for urea 0.4 kilogram

market for water, deionised 0.6 kilogram

Source: Brynolf et al.?62
S2.3 Supplementary results
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Figure S2.3. The process contribution to the GHG emissions (per t-km) of different ships in different scenarios. For the
liquid H:z production, liquid NHs production and MeOH production, the gaseous H2 supply is a part of them and
presented separately. In this figure, R-A-N=22000 nm-20 knots-Nonstop, R-L-N=22000 nm-16 knots-Nonstop, S-A-
N=11000 nm-20 knots-Nonstop, S-L-N=11000 nm-16 knots-Nonstop, S-A-I=5500 nm-20 knots-1 refueling stop, and S-
L-1=5500 nm-16 knots-1 refueling stop. For the MeOH-ICE case, the negative value is caused by the direct air capture.

GHG emissions from BOG treatment methods
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S3 Supporting information for chapter 4

S3.1 Unit process data

The unit process data used in this study are shown below. For process data not directly
available from the Ecoinvent database, we created the corresponding life cycle
inventories and marked them with an asterisk (*).

Ship operation

Table S3.1. Life cycle inventory of transport, container ship, HFO-ICE, scenario R-A-N (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, HFO-ICE* 4.96E-12 unit

fuel tank, heavy fuel oil* 8.77E-06 kilogram
market for maintenance, container ship 1.20E-11 unit
heavy fuel oil, very low-sulphur* 6.02E-03 kilogram
urea solution, 40 wt%* 1.14E-03 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 2.90E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.14E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.97E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.10E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 9.66E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.75E-07 kilogram
:::,Yﬁﬁ;:g?;gﬁtg?:i\éﬁlzgig)ganic compounds, unspecified origin (to air, 1.42E-05 kilogram
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.70E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.04E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.95E-05 kilogram

Table S3.2. Life cycle inventory of transport, container ship, liquid H>-PEMFC, scenario R-A-N (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, liquid H>-PEMFC* 5.54E-12 unit

fuel tank, cryogenic, liquid hydrogen* 9.37E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 3.06E-09 unit

market for maintenance, container ship 1.34E-11 unit

liquid hydrogen production* 2.23E-03 kilogram
market group for electricity, low voltage 2.38E-06 kilowatt hour

Table S3.3. Life cycle inventory of transport, container ship, liquid NH3s-SOFC, scenario R-A-N (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, liquid NH3-SOFC* 6.43E-12 unit
fuel tank, cryogenic, liquid ammonia* 3.06E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 2.11E-09 unit
market for maintenance, container ship 1.55E-11 unit
ammonia production, liquid* 1.51E-02 kilogram
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market group for electricity, low voltage 8.25E-06 kilowatt hour
Environmental flows
Nitrogen oxides (to air, non-urban air or from high stacks) 1.45E-07 kilogram
Table S3.4. Life cycle inventory of transport, container ship, HFO-ICE, scenario R-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, HFO-ICE* 6.20E-12 unit
fuel tank, heavy fuel oil* 1.10E-05 kilogram
market for maintenance, container ship 1.50E-11 unit
heavy fuel oil, very low-sulphur* 4.42E-03 kilogram
urea solution, 40 wt%* 8.05E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.13E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.31E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.44E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.81E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.09E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.40E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.05E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.25E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.43E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.44E-05 kilogram
Table S3.5. Life cycle inventory of transport, container ship, liquid H>-PEMFC, scenario R-L-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H2-PEMFC* 6.62E-12 unit
fuel tank, cryogenic, liquid hydrogen* 8.26E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 2.69E-09 unit
market for maintenance, container ship 1.60E-11 unit
liquid hydrogen production* 1.58E-03 kilogram
market group for electricity, low voltage 2.27E-06 kilowatt hour

Table S3.6. Life cycle inventory of transport, container ship, liquid NH3s-SOFC, scenario R-L-N (1 t-nm).

Exchanges amount unit
Economic flows

container ship production, liquid NH3-SOFC* 7.21E-12 unit

fuel tank, cryogenic, liquid ammonia* 2.26E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 1.55E-09 unit

market for maintenance, container ship 1.74E-11 unit
ammonia production, liquid* 8.92E-03 kilogram
market group for electricity, low voltage 7.41E-06 kilowatt hour
Environmental flows

Nitrogen oxides (to air, non-urban air or from high stacks) 8.59E-08 kilogram

Table S3.7. Life cycle inventory of transport, container ship, HFO-ICE, scenario S-A-N (1 t-nm).
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Exchanges amount unit
Economic flows
container ship production, HFO-ICE* 4.96E-12 unit
fuel tank, heavy fuel oil* 8.77E-06 kilogram
market for maintenance, container ship 1.20E-11 unit
heavy fuel oil, very low-sulphur* 6.02E-03 kilogram
urea solution, 40 wt%* 1.14E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.90E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.14E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.97E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.10E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 9.66E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.75E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.42E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.70E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.04E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.95E-05 kilogram
Table S3.8. Life cycle inventory of transport, container ship, liquid H2-PEMFC, scenario S-A-N (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H>-PEMFC* 5.09E-12 unit
fuel tank, cryogenic, liquid hydrogen* 4.26E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 1.41E-09 unit
market for maintenance, container ship 1.23E-11 unit
liquid hydrogen production* 2.02E-03 kilogram
market group for electricity, low voltage 4.36E-06 kilowatt hour

Table S3.9. Life cycle inventory of transport, container ship, liquid NHs-SOFC, scenario S-A-N (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, liquid NH3-SOFC* 5.62E-12 unit

fuel tank, cryogenic, liquid ammonia* 1.33E-05 kilogram

Reliquefaction plant, 1 kg/h capacity* 9.20E-10 unit

market for maintenance, container ship 1.36E-11 unit

ammonia production, liquid* 1.32E-02 kilogram

market group for electricity, low voltage 1.44E-05 kilowatt hour

Environmental flows

Nitrogen oxides (to air, non-urban air or from high stacks) 1.27E-07 kilogram
Table S3.10. Life cycle inventory of transport, container ship, HFO-ICE, scenario S-L-N (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, HFO-ICE* 6.20E-12 unit

fuel tank, heavy fuel oil* 1.10E-05 kilogram

market for maintenance, container ship 1.50E-11 unit
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heavy fuel oil, very low-sulphur*

urea solution, 40 wt%*

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks)

Carbon monoxide, fossil (to air, non-urban air or from high stacks)
Carbon dioxide, fossil (to air, non-urban air or from high stacks)
Nitrogen oxides (to air, non-urban air or from high stacks)
Dinitrogen monoxide (to air, non-urban air or from high stacks)
Ammonia (to air, non-urban air or from high stacks)

NMVOC, non-methane volatile organic compounds, unspecified origin (to air,
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks)

Sulfur dioxide (to air, non-urban air or from high stacks)
Formaldehyde (to air, non-urban air or from high stacks)

Particulates, < 2.5 um (to air, non-urban air or from high stacks)

4.42E-03
8.05E-04

2.13E-07
2.31E-05
1.44E-02
7.81E-05
7.09E-07
6.40E-07
1.05E-05

1.25E-06
4.43E-05
0

1.44E-05

kilogram

kilogram

kilogram
kilogram
kilogram
kilogram
kilogram
kilogram

kilogram

kilogram
kilogram
kilogram

kilogram

Table S3.11. Life cycle inventory of transport, container ship, liquid H>-PEMFC, scenario S-L-N (1 t-nm).

Exchanges amount unit
Economic flows

container ship production, liquid H,-PEMFC* 6.23E-12 unit

fuel tank, cryogenic, liquid hydrogen* 3.84E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 1.26E-09 unit

market for maintenance, container ship 1.50E-11 unit

liquid hydrogen production* 1.46E-03 kilogram
market group for electricity, low voltage 4.27E-06 kilowatt hour

Table S3.12. Life cycle inventory of transport, container ship, liquid NHs-SOFC, scenario S-L-N (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, liquid NHs-SOFC* 6.69E-12 unit

fuel tank, cryogenic, liquid ammonia* 1.05E-05 kilogram

Reliquefaction plant, 1 kg/h capacity* 7.21E-10 unit

market for maintenance, container ship 1.61E-11 unit

ammonia production, liquid* 8.27E-03 kilogram

market group for electricity, low voltage 1.37E-05 kilowatt hour

Environmental flows

Nitrogen oxides (to air, non-urban air or from high stacks) 7.96E-08 kilogram
Table S3.13. Life cycle inventory of transport, container ship, HFO-ICE, scenario S-A- (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, HFO-ICE* 4.96E-12 unit

fuel tank, heavy fuel oil* 8.77E-06 kilogram

market for maintenance, container ship 1.20E-11 unit

heavy fuel oil, very low-sulphur* 6.02E-03 kilogram

urea solution, 40 wt%* 1.14E-03 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 2.90E-07 kilogram

Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.14E-05 kilogram
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Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.97E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.10E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 9.66E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.75E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.42E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.70E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.04E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.95E-05 kilogram
Table S3.14. Life cycle inventory of transport, container ship, liquid H>-PEMFC, scenario S-A-I (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H2-PEMFC* 4.89E-12 unit
fuel tank, cryogenic, liquid hydrogen* 2.04E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 6.76E-10 unit
market for maintenance, container ship 1.18E-11 unit
liquid hydrogen production* 1.94E-03 kilogram
market group for electricity, low voltage 8.39E-06 kilowatt hour

Table S3.15. Life cycle inventory of transport, container ship, liquid NHs-SOFC, scenario S-A-I (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, liquid NH3-SOFC* 5.28E-12 unit

fuel tank, cryogenic, liquid ammonia* 6.28E-06 kilogram

Reliquefaction plant, 1 kg/h capacity* 4.33E-10 unit

market for maintenance, container ship 1.28E-11 unit

ammonia production, liquid* 1.24E-02 kilogram

market group for electricity, low voltage 2.71E-05 kilowatt hour

Environmental flows

Nitrogen oxides (to air, non-urban air or from high stacks) 1.19E-07 kilogram
Table S3.16. Life cycle inventory of transport, container ship, HFO-ICE, scenario S-L-1 (1 t-nm).

Exchanges amount unit

Economic flows

container ship production, HFO-ICE* 6.20E-12 unit

fuel tank, heavy fuel oil* 1.10E-05 kilogram

market for maintenance, container ship 1.50E-11 unit

heavy fuel oil, very low-sulphur* 4.42E-03 kilogram

urea solution, 40 wt%* 8.05E-04 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 2.13E-07 kilogram

Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.31E-05 kilogram

Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.44E-02 kilogram

Nitrogen oxides (to air, non-urban air or from high stacks) 7.81E-05 kilogram

Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.09E-07 kilogram

Ammonia (to air, non-urban air or from high stacks) 6.40E-07 kilogram

NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.05E-05 kilogram

non-urban air or from high stacks)
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Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.25E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.43E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.44E-05 kilogram
Table S3.17. Life cycle inventory of transport, container ship, liquid H>-PEMFC, scenario S-L-1 (1 t-nm).
Exchanges amount unit
Economic flows
container ship production, liquid H2-PEMFC* 6.05E-12 unit
fuel tank, cryogenic, liquid hydrogen* 1.85E-05 kilogram
Reliquefaction plant, 1 kg/h capacity* 6.14E-10 unit
market for maintenance, container ship 1.46E-11 unit
liquid hydrogen production* 1.41E-03 kilogram
market group for electricity, low voltage 8.31E-06 kilowatt hour

Table S3.18. Life cycle inventory of transport, container ship, liquid NH3-SOFC, scenario S-L-I (1 t-nm).

Exchanges amount unit
Economic flows
container ship production, liquid NHs-SOFC* 6.45E-12 unit
fuel tank, cryogenic, liquid ammonia* 5.04E-06 kilogram
Reliquefaction plant, 1 kg/h capacity* 3.48E-10 unit
market for maintenance, container ship 1.56E-11 unit
ammonia production, liquid* 7.98E-03 kilogram
market group for electricity, low voltage 2.65E-05 kilowatt hour
Environmental flows
Nitrogen oxides (to air, non-urban air or from high stacks) 7.68E-08 kilogram
Ship production
Table S3.19. Life cycle inventory of container ship production, HFO-ICE (1 unit).
Exchanges amount unit
Economic flows
hull production, container ship, for DWT 103800* 1 unit
propulsion system, HFO-ICE* 1 unit
Table S3.20. Life cycle inventory of hull production, container ship, for DWT 103800 (1 unit).
Exchanges amount unit source
Economic flows
market for reinforcing steel 4.49E+07 kilogram 167
market for copper, cathode 7.12E+04 kilogram 167
market for bronze 6.67E+04 kilogram 167
market for zinc 3.11E+05 kilogram 167
market for aluminium, wrought alloy 2.22E+04 kilogram 167
market for cast iron 1.74E+06 kilogram 167
market for electronic component machinery, unspecified 2.22E+02 unit 167
market for glass wool mat 3.78E+05 kilogram 167 168
market for asbestos, crysotile type 3.78E+05 kilogram 167 168
market for sanitary ceramics 3.78E+05 kilogram 167 168
market for polypropylene, granulate 1.07E+05 kilogram 167 168
market for polyethylene, high density, granulate 1.07E+05 kilogram 167 168
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market for polystyrene, expandable 1.07E+05 kilogram 167 168
market for polyvinylidenchloride, granulate 1.07E+05 kilogram 167 168
market for polyurethane, flexible foam 1.07E+05 kilogram 167 168
market for glued laminated timber, average glue mix 9.25E+02 cubic meter 167,168
;r::trle(et for alkyd paint, white, without solvent, in 60% solution 2 22E+05 Kkilogram 167
market for welding, arc, steel 2.79E+07 meter 168
market for welding, gas, steel 1.77E+08 meter 168
market group for electricity, medium voltage 1.48E+07 I;i(ic;\'/’vatt 168
g:;rket group for heat, district or industrial, other than natural 1.70E+07 megajoule 168
market for inert waste, for final disposal -3.78E+05 kilogram 168
market for scrap aluminium -2.22E+04 kilogram 168
market for scrap copper -7.12E+04 kilogram 168
market for scrap steel -4.49E+07 kilogram 168
market for waste electric and electronic equipment -5.56E+05 kilogram 168
market for waste emulsion paint -2.14E+05 kilogram 168
market for waste mineral wool -7.56E+05 kilogram 168
market for waste plastic, mixture -5.34E+05 kilogram 168
bronze scrap, post-consumer, Recycled Content cut-off -6.67E+04 kilogram 168
iron scrap, unsorted, Recycled Content cut-off -1.74E+06 kilogram 168
zinc scrap, post-consumer, Recycled Content cut-off -3.11E+05 kilogram 168
Environmental flows
Hydrocarbons, unspecified (to water) 4.00E+03 kilogram 168
Hydrocarbons, unspecified (to soil) 4.00E+03 kilogram 168
Table S3.21. Life cycle inventory of propulsion system, HFO-ICE (1 unit).
Exchanges amount unit
Economic flows
marine engine, Cl, ICE* 68.64 MW
market for generator, 200kW electrical 64.3 unit
marine engine, Cl, ICE* 12.86 MW
market for control cabinet, heat and power co-generation unit, 160kW 231.375 unit
electrical
SCR* 81.5 MW
market for oil boiler, 100kW 6.2 unit
Table §3.22. Life cycle inventory of marine engine, Cl, ICE (1 MW).
Exchanges amount unit
Economic flows
market for steel, chromium steel 18/8 11674.07 kilogram
market for castiron 13425.19 kilogram
market for aluminium, primary, ingot 2334.81 kilogram
market for zinc 58.37 kilogram
market for wire drawing, copper 29.19 kilogram
market for lead 29.19 kilogram
market for nylon 6 262.67 kilogram
market for silicone product 262.67 kilogram
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market for alkyd paint, white, without solvent, in 60% solution state 262.67 kilogram
market for lubricating oil 875.56 kilogram
market group for electricity, medium voltage 10800 kilowatt hour
Source: Kanchiralla et al.?®
Table S3.23. Life cycle inventory of SCR (1 MW).
Exchanges amount unit
Economic flows
market for steel, chromium steel 18/8 942.08 kilogram
market for titanium dioxide 4.72 kilogram
Source: Kanchiralla et al.?®
Table S3.24. Life cycle inventory of fuel tank, heavy fuel oil (1 kg).
Exchanges amount unit
Economic flows
market for steel, unalloyed 1.16 kilogram
market for sheet rolling, steel 1.16 kilogram
market for scrap steel -0.278 kilogram
market for epoxy resin, liquid 0.118 kilogram
market group for electricity, low voltage 0.47 kilowatt hour

Source: Dlamini et al.?34

Table S3.25. Life cycle inventory of container ship production, liquid H>-PEMFC (1 unit).

Exchanges amount unit
Economic flows
hull production, container ship, for DWT 103800* 1 unit
propulsion system, liquid H2-PEMFC* 1 unit
Table S3.26. Life cycle inventory of propulsion system, liquid H>-PEMFC (1 unit).
Exchanges amount unit
Economic flows
PEMFC* 432.95 MW
market for converter, for electric passenger car 4099.95 kilogram
market for inverter, 500kW 132.1 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 577.02 kilogram
motor drive* 71.48 MW
market for marine electric motor 187.218 unit
market for control cabinet, heat and power co-generation unit, 160kW 1591.125 unit
electrical
electric boiler, 100kW* 6.2 unit
Table S3.27. Life cycle inventory of PEMFC (1 MW).
Exchanges amount unit
Economic flows
market for pump, 40W 3000 unit
market for acrylonitrile 0.20787 kilogram
market for air filter, in exhaust air valve 13 unit
market for aluminium, cast alloy 268.25 kilogram
market for cable, three-conductor cable 16000 meter
market for carbon black 0.19171075 kilogram
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market for steel, chromium steel 18/8 40 kilogram
market for cobalt oxide 0.0219 kilogram
market for wire drawing, copper 6 kilogram
market for electronics, for control units 34 kilogram
market for epoxy resin, liquid 70.2 kilogram
market for ethylene glycol 10 kilogram
market for extrusion of plastic sheets and thermoforming, inline 12.13 kilogram
market for formaldehyde 0.0111 kilogram
market for glass fibre 20 kilogram
market for polyethylene, high density, granulate 10.00952738 kilogram
market for hydrochloric acid, without water, in 30% solution state 0.0812 kilogram
market for steel, low-alloyed 83 kilogram
market for methanol 0.634 kilogram
market for methyl acrylate 0.0109265 kilogram
market for nitric acid, without water, in 50% solution state 0.187 kilogram
market for nylon 6 30 kilogram
market for permanent magnet, for electric motor 10 kilogram
market for extrusion, plastic pipes 30 kilogram
market for platinum 0.0181 kilogram
market for polyphenylene sulfide 10 kilogram
market for polypropylene, granulate 50 kilogram
market for polyurethane, rigid foam 19 kilogram
treatment of automobile catalyst 0.0543 kilogram
market for silicone product 30 kilogram
market for sodium hydroxide, without water, in 50% solution state 0.0148 kilogram
market for sodium nitrate 0.189 kilogram
market for spent solvent mixture 0.404 kilogram
market for sulfur trioxide 1.286 kilogram
market for tetrafluoroethylene 13.184 kilogram
market for titanium 240 kilogram
market for water, deionised 0.674 kilogram
market for heat, district or industrial, natural gas 765.3669 megajoule
market group for electricity, medium voltage 706.3249 kilowatt hour
Source: Usai et al.?'®
Table S3.28. Life cycle inventory of motor drive (1 MW).
Exchanges amount unit source
Economic flows
market for aluminium, primary, ingot 36.2 kilogram 182
market for copper, cathode 174.7 kilogram 182
market for kraft paper 0.3 kilogram 182
market for polyester-complexed starch biopolymer 73.45 kilogram 182
market for steel, low-alloyed 315.45 kilogram 182
market for brass 9.95 kilogram 182
market for sanitary ceramics 3.35 kilogram 182
market for chromium 0.05 kilogram 182
market for epoxy resin insulator, SiO2 3.8 kilogram 182
market for molybdenum 1.6 kilogram 182
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market for nickel, class 1 0.1
market for glass fibre reinforced plastic, polyester resin, hand lay- .85
up

market for glass fibre 0.1
market for vegetable oil, refined 121
market for pigiron 5.4
market for silicone product 0.2
market for silver 0.05
market for solder, bar, Sn63Pb37, for electronics industry 0.85
market for zinc 1.5
market group for electricity, medium voltage 40

kilogram
kilogram

kilogram
kilogram
kilogram
kilogram
kilogram
kilogram
kilogram

kilowatt hour

182

182

182

182

182

182

182

182

182

183

Table S3.29. Life cycle inventory of electric boiler, T00kW (1 unit).

Exchanges amount unit
Economic flows

market group for electricity, medium voltage 749.59 kilowatt hour
market for heat, district or industrial, other than natural gas 1264.04 megajoule
market for glass fibre 3.15 kilogram
market for stone wool 1.92 kilogram
market for sanitary ceramics 4.79 kilogram
market for expanded vermiculite 11.64 kilogram
market for brass 15.89 kilogram
market for castiron 53.97 kilogram
market for steel, low-alloyed, hot rolled 93.62 kilogram
market for zinc coat, coils 69.59 square meter
market for steel, chromium steel 18/8 62.33 kilogram
market for steel, low-alloyed 87.67 kilogram
market for steel, unalloyed 62.60 kilogram
market for cable, unspecified 44.52 kilogram
market for electric connector, wire clamp 4.25 kilogram
market for electronics, for control units 3.29 kilogram
market for printed wiring board, surface mounted, unspecified, Pb free 6.30 kilogram
market for resistor, wirewound, through-hole mounting 10.14 kilogram
market for nylon 6-6 0.92 kilogram
market for polyvinylchloride, bulk polymerised 0.33 kilogram
market for polyethylene, low density, granulate 0.66 kilogram
market for silicone product 0.49 kilogram
market for alkyd paint, white, without solvent, in 60% solution state 3.42 kilogram
market for coating powder 0.89 kilogram
market for inert waste, for final disposal -44.20 kilogram
iron scrap, unsorted, Recycled Content cut-off -185.07 kilogram
market for scrap steel -185.07 kilogram
market for electronics scrap from control units -0.76 kilogram
market for used cable -30.27 kilogram
market for waste electric wiring -0.34 kilogram
market for waste polyethylene 0.00 kilogram
market for waste polyvinylchloride -0.25 kilogram
market for waste plastic, mixture -1.41 kilogram
market for waste paint on metal -4.32 kilogram
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Source: Abbas.?%?

Table S3.30. Life cycle inventory of fuel tank, cryogenic, liquid hydrogen (1 kg).

Exchanges amount unit
Economic flows
market for compressed air, 1000 kPa gauge 3.76E-04 cubic meter
market group for electricity, low voltage 5.98E-01 kilowatt hour
market for steel, chromium steel 18/8 9.74E-01 kilogram
market for aluminium alloy, AlIMg3 2.59E-02 kilogram
Source: Abbas?%*
Table S3.31. Life cycle inventory of reliquefaction plant, 1 kg/h capacity (1 unit).
Exchanges Amount Unit
Economic flows
market for steel, chromium steel 18/8 16.5 kilogram
market for cast iron 6 kilogram
market for steel, unalloyed 54 kilogram
market for aluminium, primary, ingot 2.1 kilogram
market for casting, steel, lost-wax 21.9 kilogram
market for casting, aluminium, lost-wax 2.1 kilogram
market group for electricity, medium voltage 11.34 kilowatt hour
market for scrap steel -21.90 kilogram
market for scrap aluminium -2.10 kilogram
market for iron scrap, unsorted -6.00 kilogram
market for natural gas, liquefied 0.01 cubic meter
market for nitrogen, liquid 4.18 kilogram
Source: Park et al.?’®
Table S3.32. Life cycle inventory of container ship production, liquid NH3-SOFC (1 unit).
Exchanges amount unit
Economic flows
hull production, container ship, for DWT 103800* 1 unit
propulsion system, liquid NH3-SOFC* 1 unit
Table S3.33. Life cycle inventory of propulsion system, liquid NH3-SOFC (1 unit).
Exchanges amount unit
Economic flows
SOFC* 432.95 MW
market for converter, for electric passenger car 4505.4 kilogram
market for inverter, 500kW 132.1 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 1727.23 kilogram
motor drive* 71.48 MW
market for marine electric motor 187.218 unit
market for control cabinet, heat and power co-generation unit, 160kW 1591.125 unit
electrical
electric boiler, 100kW* 6.2 unit
Table S3.34. Life cycle inventory of SOFC (1 MW).
Exchanges amount unit

Economic flows
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market for butyldiglycol acetate 50.52 kilogram

market for aluminium, primary, ingot 4000 kilogram
market for methyl methacrylate 135.1 kilogram
market for carbon black 87.6 kilogram
market for cobalt oxide 45.77007038 kilogram
market for wire drawing, copper 4000 kilogram
market for lanthanum oxide 45.18537089 kilogram
market for carboxymethyl cellulose, powder 89.04 kilogram
market for butyl acetate 404.95 kilogram
market for nickel, class 1 1136 kilogram
market for ethylene glycol 132 kilogram
market for strontium carbonate 7.044558724 kilogram
market for steel, chromium steel 18/8 31000 kilogram
market for yttrium oxide 53.43 kilogram
market for zirconium oxide 357.57 kilogram
market group for electricity, medium voltage 7577.777778 kilowatt hour

Environmental flows

Carbon dioxide, fossil (to air) 432 kilogram

Source: Kanchiralla et al.?®

Table S3.35. Life cycle inventory of fuel tank, pressurized, liquid ammonia (1 kg).
Exchanges Amount Unit

Economic flows

market for steel, low-alloyed 0.55 kilogram
market for steel, unalloyed 0.56 kilogram
market for sheet rolling, steel 1.1 kilogram
market for scrap steel -0.11 kilogram

Source: Ryste 27 and Cryocan?®

Fuel supply

In the following processes, the input of “market for hydrogen, gaseous, 25-30 bar” is from
the databases established by Wei et al.®®

Table S3.36. Life cycle inventory of heavy fuel oil, very low-sulphur (1 kg).
Exchanges Amount Unit

Economic flows

market for heavy fuel oil 1.00 kilogram
market group for electricity, low voltage 5.46E-03 kilowatt hour
market for petroleum coke 9.20E-05 kilogram
market for hydrogen, gaseous 8.92E-03 kilogram

Environmental flows

Hydrogen sulfide (to air) 5.63E-03 kilogram

Source: Silva'*

Table S3.37. Life cycle inventory of liquid hydrogen production (1 kg).

Exchanges amount unit source

Economic flows
market for hydrogen, gaseous, 25-30 bar* 1.0162 kilogram 75

hydrogen liquefaction plant construction* 3.43E-09 unit 75
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market group for electricity, low voltage 10.5
Environmental flows

Hydrogen (to air) 1.62E-02

kilowatt hour

kilogram

176

175

Table S3.38. Life cycle inventory of hydrogen liquefaction plant construction (1 unit).

Exchanges amount unit
Economic flows
market for steel, chromium steel 18/8 5.95E+05 kilogram
market for reinforcing steel 3.80E+05 kilogram
market group for concrete, normal 2.03E+04 cubic meter
market for copper, cathode 1.50E+05 kilogram
market for aluminium alloy, AlIMg3 1.40E+05 kilogram
Source: Wulf and Zapp'”®
Table S3.39. Life cycle inventory of ammonia production, liquid (1 kg).
Exchanges amount unit
Economic flows
market for hydrogen, gaseous, 25-30 bar* 0.176 kilogram
nitrogen, gaseous, from cryogenic distillation, without compression* 0.815 kilogram
ammonia synthesis catalyst* 5.15E-05 kilogram
market for chemical factory, organics 3.29E-10 unit
market group for electricity, low voltage 1.440 kilowatt hour
treatment of inert waste, inert material landfill -5.15E-05 kilogram
Environmental flows
Water, cooling, unspecified natural origin (from natural resource) 0.149 cubic meter
Hydrogen (to air) 7.67E-04 kilogram
Ammonia (to air) 1.63E-03 kilogram
Nitrogen oxides (to air) 1.00E-03 kilogram
Water (to air) 4.76E-02 cubic meter
Water (to water) 1.01E-01 cubic meter

Source: D’Angelo®

Table S3.40. Life cycle inventory of nitrogen, gaseous, from cryogenic distillation, without compression (1 kg).

Exchanges amount unit
Economic flows
market for air separation facility 4.43E-10 unit
Environmental flows
Water, cooling, unspecified natural origin (from natural resource) 4.00 E-03 cubic meter
Water (to water) 2.45E-03 cubic meter
Source: D’Angelo®
Table S3.41. Life cycle inventory of ammonia synthesis catalyst (1 kg).
Exchanges amount unit
Economic flows
market for magnetite 0.917 kilogram
market for lime 3.00E-02 kilogram
market for zeolite, powder 5.25E-02 kilogram
market group for electricity, low voltage 1.78 kilowatt hour

Source: D’Angelo®
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Others

Table S3.42. Life cycle inventory of urea solution, 40 wt% (kg).

Exchanges Amount Unit
Economic flows

market for urea 0.4 kilogram
market for water, deionised 0.6 kilogram

Source: Brynolf et al.?6?
S3.2 Supplementary results

Prospective GHG emissions
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Figure S3.1. The process contribution to the GHG emissions (per t-km) of different ships in different scenarios. For the
liquid H2 production, and liquid NH3 production, the gaseous Hz supply is a part of them and presented separately. In
this figure, R-A-N=22000 nm-20 knots-Nonstop, R-L-N=22000 nm-16 knots-Nonstop, S-A-N=11000 nm-20 knots-
Nonstop, S-L-N=11000 nm-16 knots-Nonstop, S-A-I=5500 nm-20 knots-1 refueling stop, and S-L-I=5500 nm-16 knots-1
refueling stop.
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Table S$3.43. Comparison of fuel cell well-to-wake emissions under the NZE scenarios with IMO Net-Zero Framework
targets (unit: g CO2-eq/MJ). In this table, blue and red text indicate that fuel cell emissions meet the base and direct

compliance targets, respectively.

2030 2031 2032 2033 2034 2035 2040
Well-to-wake emissions of fuel cells
Liquid H.-PEMFC-market 97 88 78 69 59
Liquid NH3-SOFC-market 105 95 85 75 65 54 35
Liquid H>-PEMFC-100% renewable
Liquid NH3-SOFC-100% renewable
Well-to-wake emissions regulated under the IMO Net-Zero Framework
Tier 2: Base target 86 82 78 74 69 65 33
Tier 1: Direct compliance target 74 70 65 61 57 53 -

Table S3.44. Comparison of fuel cell well-to-wake emissions across different refueling regions under the NZE scenario
with FuelEU Maritime requirements (unit: g CO2-eq/MJ). In this table, blue text indicates that fuel cell emissions meet
the FuelEU Maritime requirements. CG=coal gasification, NG SMR=steam methane reforming of natural, BG=biomass
gasification, CCS=carbon capture and storage, AE=alkaline electrolyzer, PEM=proton exchange membrane electrolyzer

and SOEC=solid oxide electrolysis cell.

2020 2025 2030 2035 2040 2045 2050
Well-to-wake emissions of fuel cells
Liquid Ho-PEMFC-China-market 244 254 136 61 41 28 22
Liquid H2-PEMFC-China-CG 280 263 235 223 221 220 220
Liquid H.-PEMFC-China-CG CCS 165 137 90 70 67 65 65
Liquid H2-PEMFC-China-NG SMR 158 138 104 90 88 87 87
Liquid H2-PEMFC-China-NG SMR CCS 118 95 57 41 39 38 38
Liquid H.-PEMFC-China-BG 98 72 29 11 8 7 6
Liquid H.-PEMFC-China-BG CCS -23 -53 -108 -127 -126 -126 -122
Liquid H2-PEMFC-China-AE 477 345 124 30 16 10 10
Liquid H.-PEMFC-China-PEM 537 367 126 30 16 10 10
Liquid H.-PEMFC-China-SOEC 441 320 125 44 32 27 26
Liquid H.-PEMFC-Middle East-market 156 141 99 65 36 26 24
Liquid H.-PEMFC-Middle East-CG 263 250 229 216 207 205 205
Liquid H.-PEMFC-Middle East-CG CCS 115 100 75 60 50 47 47
Liquid H.-PEMFC-Middle East-NG SMR 156 144 124 112 103 101 101
Liquid H.-PEMFC-Middle East-NG SMR 107 95 75 62 54 52 52
CCS
Liquid H.-PEMFC-Middle East-BG 64 51 28 14 4 2 2
Liquid H.-PEMFC-Middle East-BG CCS -69 -82 -109 -123 -131 -132 -128
Liquid H.-PEMFC-Middle East-AE 302 235 117 46 0 -11 -1
Liquid H.-PEMFC-Middle East-PEM 339 249 120 48 -1 -13 -12
Liquid H.-PEMFC-Middle East-SOEC 286 223 120 59 17 7 7
Liquid H2-PEMFC-EU-market 129 92 51 34 29 26 24
Liquid H.-PEMFC-EU-CG 239 222 209 205 205 204 204
Liquid H.-PEMFC-EU-CG CCS 87 67 52 48 47 47 46
Liquid H.-PEMFC-EU-NG SMR 129 113 100 97 97 97 97
Liquid H.-PEMFC-EU-NG SMR CCS 80 63 51 48 48 48 48
Liquid H.-PEMFC-EU-BG 40 22 9 5 5 5 5
Liquid H.-PEMFC-EU-BG CCS -100 -119 -135 -134 -130 -128 -124
Liquid H2-PEMFC-EU-AE 185 94 25 9 8 7 7
Liquid H.-PEMFC-EU-PEM 208 100 25 9 7 7 7
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Liquid H.-PEMFC-EU-SOEC 175 93 32 19 17 17 17

Liguid NH3-SOFC-China-market 256 273 149 68 46 33 25
Liguid NH3-SOFC-China-CG 296 282 259 249 248 247 247
Liquid NH3-SOFC-China-CG CCS 168 141 97 78 75 74 74
Liquid NH3-SOFC-China-NG SMR 161 143 113 101 99 98 98
Liquid NH3-SOFC-China-NG SMR CCS 116 95 61 46 44 43 43
Liguid NH3-SOFC-China-BG 93 69 29 12 9 8 8
Liguid NH3-SOFC-China-BG CCS -42 -71 -124 -142 -140 -140 -135
Liquid NH3-SOFC-China-AE 516 374 135 34 19 13 12
Liquid NH3-SOFC-China-PEM 584 399 138 34 19 12 12
Liquid NH3-SOFC-China-SOEC 477 346 136 49 36 31 30
Liquid NH3-SOFC-Middle East-market 165 150 108 72 42 32 29
Liguid NH3-SOFC-Middle East-CG 284 272 253 241 233 231 231
Liguid NHs-SOFC-Middle East-CG CCS 119 104 81 67 57 55 55
Liguid NHs-SOFC-Middle East-NG SMR 165 154 135 124 117 115 115
Liquid NH3s-SOFC-Middle East-NG SMR 110 99 80 69 62 60 60
CCs

Liguid NH3-SOFC-Middle East-BG 62 49 28 15 6 4 4
Liguid NH3-SOFC-Middle East-BG CCS -87 -99 -125 -138 -145 -145 141
Liquid NH3s-SOFC-Middle East-AE 328 255 128 51 2 -1 -10
Liquid NH3-SOFC-Middle East-PEM 370 271 131 53 1 -12 -1
Liguid NH3-SOFC-Middle East-SOEC 310 242 131 65 21 10 10
Liquid NH3-SOFC-EU-market 139 102 58 40 33 30 28
Liquid NHs-SOFC-EU-CG 262 246 234 230 230 230 229
Liguid NH3-SOFC-EU-CG CCS 93 74 58 54 53 53 53
Liguid NH3-SOFC-EU-NG SMR 139 124 113 110 110 110 110
Liguid NH3-SOFC-EU-NG SMR CCS 84 69 58 55 54 54 54
Liquid NHs-SOFC-EU-BG 40 23 10 7 7 6 6
Liquid NH3-SOFC-EU-BG CCS -117 -135 -150 -148 -144 -142 -137
Liquid NH3-SOFC-EU-AE 202 104 28 11 10 9 9
Liquid NH3-SOFC-EU-PEM 227 110 28 11 9 9 8
Liquid NH3-SOFC-EU-SOEC 191 103 37 22 21 20 20
Well-to-wake emissions regulated under the FuelEU Maritime

GHG intensity limit 91.16 89.34 85.69 77.94 62.9 34.64 18.23

Prospective regional environmental impacts

171



Eutrophication: Particulate
freshwater matter
effacts

Land use Water use lonising Human toxicity: Human toxicity:
radiation: cancer effects non-cancer
human health

Resource use:
minerals and
metals

S3DUIPI2U| ASEISIP , 0TX

S2JUIPIU| ISEISIP |, OTX

S22UBPIOU) 3SEISIP ¢ 0T X

D40S-FHN pInbn
| DdWad-“H PInbI]
SPOUP|DUl BSERSIP ¢ 0T X 7 ADN-O4H
. i (=]
_
f

~ (] o ~ — o o~ —~ o o~ —

i 240S-EHN pinb
| D4Wad-CH pInbI]
ba-d B ¢ 0Tx ba-d B3 ¢ 01X b3-d BY ¢ OTx ba-d B3 ¢ 0Tx IDI-04H

. . , . , T i
- o — o — (=] —~ (=]
| | | | 240S-EHN pinbr
| | | | D4W3d-2H pInbIT
UL 10T UL p-0TX UNLD 501X UNLD 601X I1-04H
T T T i T T T , . . . : , : . : : i
< [l o~ [=} < m o~ ~ (=] < m ~ - (=] <t ™M ™~ - o
| | | | 240%-EHN pInbr
| | | | D4W3d-2H pinbIT
UNLD (10T | UNLD 10T UNLD 11-0TxX UNLD 101X T1-04H
[aal ~ — [=} m o~ — (=} — (=] m o~ —

ez DY ¢ 0TX

cez DY (0T

oreN PEY (0T X m

orel DAY 0T

w

<~ Ll ~

[Ta] < ™M o~

Q-

m o~
T T T T T 1
[Tq] <t [a] ™~ — (=]

o
2405-EHN pinbn
D4W3d-ZH pinbi1
IDI-04H

T 1
[Tq] <t [a] ~ — (=]

240S-5HN pInbr

24W3d-“H pinbi

paALdap 'bs ploMm BY ,_0Tx paaudap ‘bs pliom By ,_0Tx paaudap ‘ba pliom By ,_0Tx paaudap ‘b plom By ,_0Tx IO1-04H
PN -~ o ™ o~ o o m o~ - o M N 4o o
i | | i D40S-FHN PInbr]
| i i D4W3d-2H PInbi]
SSaUOISUAWIP {_0T % _ SS3IUOISUAWIP (0T % SS3|UOISUBWIP {_0T % SS3|UOISUBWIP 10T X _ 1D1-04H
~ " o ~ " o ~ - o ~ - o

ba-q5 By ,_0Tx

ba-a5 By ,_0Tx

ba-gg 63 ,_0Tx _ mm

D405-EHN pInbi
D4W3d-7H pinbi
ba-as 64 ,-0Tx [} 3oroaH

T
~

T
o

n < m ™

0zoc

~ 0w o MmN

0S0Z-Sdals

T
—

~ 0w o on g MmN

050<-3ZN

T
—

1
o

~ O o ’n o MmN = O

a|qemaual %00T-060Z-3ZN

Ship operation

Il Ship maintenance
Il Urea supply

I Liquid H; production Electricity

B HFO supply

Bl Liquid NH3 production Ship production

N Gaseous Ha supply

Figure S3.2. Contribution analysis of the main environmental trade-offs of using fuel cells compared to HFO from 2020

to 2050 under the S-A-N (11000 nm-20 knots-Nonstop) scenario.
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Figure S3.3. The relative environmental impacts of fuel cell systems compared to traditional ones from 2020 to 2050
under the S-A-I1 (5500 nm-20 knots-1 refueling stop) scenario in China. (a) Liquid H2-PEMFC ship compared under the
2020, STEPS-2050, and NZE-2050 scenarios. (b) Liquid NH3-SOFC ship compared with the HFO ship under the 2020,
STEPS-2050, and NZE-2050 scenarios. The values indicate the factors of change in the environmental impact of fuel cell
ships compared to HFO-powered ships.
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Figure S3.4. The relative environmental impacts of fuel cell systems compared to traditional ones from 2020 to 2050
under the S-A-1 (5500 nm-20 knots-1 refueling stop) scenario in the Middle East. (a) Liquid H>-PEMFC ship compared
under the 2020, STEPS-2050, and NZE-2050 scenarios. (b) Liquid NH3-SOFC ship compared with the HFO ship under
the 2020, STEPS-2050, and NZE-2050 scenarios. The values indicate the factors of change in the environmental impact
of fuel cell ships compared to HFO-powered ships.
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Figure S3.5. The relative environmental impacts of fuel cell systems compared to traditional ones from 2020 to 2050
under the S-A-l (5500 nm-20 knots-1 refueling stop) scenario in the European Union. (a) Liquid H>-PEMFC ship
compared under the 2020, STEPS-2050, and NZE-2050 scenatrios. (b) Liquid NH3-SOFC ship compared with the HFO
ship under the 2020, STEPS-2050, and NZE-2050 scenarios. The values indicate the factors of change in the
environmental impact of fuel cell ships compared to HFO-powered ships.

Sensitivity analysis

In this section, we conduct a sensitivity analysis to examine how changes in key
parameter assumptions for fuel cell ships, potentially resulting from technological
advancements, affect their environmentalimpacts. The efficiencies of PEMFC and SOFC,
the lifespans of PEMFC and SOFC, and the lifespan of the battery are assumed to increase
by 10%, while the BOG rates of liquid H, and liquid NH; are assumed to decrease by 10%.
It should be noted that the replacement frequencies of fuel cells and the battery are not
directly adjusted according to the percentage increase in lifespan. We first change the
lifespans from the current assumptions to longer achievable values, for example from 5
to 10 years for PEMFC *2°, from 6 to 11 years for SOFC %', and from 11 to 15 years for the
battery 322, This means that the replacement frequencies of PEMFC, SOFC, and the
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battery decrease from 5, 5, and 3 times to 3, 3, and 2 times, respectively, over a ship’s 25-
year lifespan. The resulting changes in environmental impacts are then allocated to the
10% lifespan increase. Therefore, the environmental impact changes related to the
lifespans of the fuel cells and the battery should be interpreted as averaged values rather
than the direct outcomes of a strict 10% increase in lifespan. In the decarbonization of
water electrolysis, the decarbonization of electricity is the decisive factor, whereas
improvements in electrolyzer efficiency make only a marginal contribution. As shown in
our previous study, efficiency improvement contributes only about 0.5% to the
decarbonization of electrolytic H, from 2020 to 2050 3. Therefore, we will not conduct
further sensitivity analysis for this factor in this study.

As shown in Figure S3.6, among these main factors, fuel cell efficiency has the most
significant influence on all environmental impacts because it directly affects fuel
consumption. As the Hs-based fuel supply decarbonizes, these environmental impacts
either increase or decrease, and their sensitivity to efficiency improvements changes
accordingly. For instance, for climate change, the percentage decrease becomes smaller
as the H,-based fuel supply decarbonizes. In contrast, the percentage decreases for
impacts such as ionizing radiation, land use, water use, human toxicity with cancer
effects, and minerals and metals use become larger. At the same time, the sensitivity of
certain environmental impacts to fuel cell efficiency differs between the two fuel cell
propulsion systems. For example, human toxicity with non-cancer effects, and minerals
and metals use decrease by around 6% and 5% when fuel cell efficiency increases by 10%
forthe liquid H.-PEMFC ship, whereas these two impacts both decrease by around 9% for
the liquid NH;-SOFC ship. This is because PEMFC production is also an important
contributor to these impacts for the liquid H,-PEMFC ship, in addition to the fuel supply,
as discussed in Section 3.4 of the main text. Furthermore, extending the lifespan of the
PEMFC has a greater impact on human toxicity with non-cancer effects and minerals and
metals use than on other environmental impacts, resulting in approximately a 2%
decrease. Extending the lifespan of the SOFC induces a 1.5% decrease in human toxicity
with cancer effects for the liquid NHs;-SOFC ship, while having negligible effects on the
other environmentalindicators. Changes in battery lifespan and in the BOG rates of liquid
H. and liquid NH; have negligible effects on the results.
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Figure S3.6. Sensitivity analysis of key parameter changes on environmental impacts of fuel cell ships under the S-A-N
(11000 nm-20 knots-Nonstop) scenario. In this figure, Fuel cell efficiency +10% = a 10% improvement in fuel cell
efficiency; Fuel cell lifespan +10% = a 10% extension in fuel cell lifespan; Battery lifespan +10% = a 10% extension in
battery lifespan; BOG rate -10% = a 10% reduction in the boil-off gas (BOG) rate for onboard liquid hydrogen and
ammonia storage.
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S4 Supporting information for chapter 5

S4.1 Lifecycle inventory analysis

Representative ships

Table S4.1. The main information of representative ships for different ship sizes.” 258 259

Parameters  0-999 1,000- 2,000- 3,000- 5,000- 8,000- 12,000- 14,500- 20,000+
1,999 2,999 4,999 7,999 11,999 14,499 19,999

Code Ship 1 Ship 2 Ship 3 Ship 4 Ship 5 Ship 6 Ship 7 Ship 8 Ship 9

Representative CANDELARIA Calisto EvridikiG CMA CGM EVER SEASPAN ONE MSC NEW EVER

ship B AFRICA STEADY ZAMBEZI MILLAU YORK GOLDEN

THREE

Ship capacity 822 1574 2556 3718 7024 10100 13870 16652 20338

(TEU)

Ship DWT (t) 8627 20614 34654 51604 78664 115096 147443 186765 199692

Payload 66 63 59 61 62 62 65 66 65

utilization rate

(%)

Range (nm) 800 2500 5000 6500 7500 13000 14000 15500 17000

Installed main 7.95 16.52 21.56 31.64 54.90 58.10 59.78 59.78 59.30

engine power

(MW)

Installed 1 3.544 6.72 8.4 11.6 14.6 14.6 18 19.2

auxiliary

engine power

(MW)

Installed 0.25 0.34 0.46 0.48 0.59 0.62 0.63 0.63 0.7

auxiliary boiler

power (MW)

HFO tank (m®) 778 2412 3918 6948.99 9434.9 10584 10276.61 13067 15143.27

Average speed 13.2 12.5 13.7 14.3 15.8 15.1 14.2 15.5 15.8

(kn)

Max speed (kn)18.2 18.7 19.2 20.3 22.1 21.4 20.9 21.4 22.4

Average 6.7 9.5 9 11.4 10.8 11.45 121 12.55 13.5

draught (m)

Max draught 7.466 10.2 11.5 12.45 14.2 15.52 15.5 16.02 16

(m)

Weather 0.909 0.867 0.867 0.867 0.867 0.867 0.867 0.867 0.867

correction

factor

Fouling 0.917 0.917 0.917 0.917 0.917 0.917 0.917 0.917 0.917

correction

factor

Propulsion systems
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Figure S4.1. Components and workflow for different propulsion systems. For LNG/Bio-LNG-ICE, liquid H2-ICE, liquid H--
PEMFC, liquid NH3-ICE, liquid NH3-SOFC, the re-liquefaction plant is needed to deal with boil-off gas and consumes electricity.
The liquid organic H2 carrier (LOHC) systems are included for comparison with the liquid NH3 systems.

Volumetric and gravimetric changes
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Table S4.2. Total volume and weight of the fuel tank and propulsion system for different propulsion options, and the
resulting cargo weight loss.

Ship Propulsion System  Total Volume (m3) Total Mass (t) Cargo weight Final cargo
change (t) capacity (t)
Ship1 HFO-ICE 1950 439 0 5694
Ship1 LH2-PEMFC 716 206 233 5927
Ship1  LNH3-SOFC 2220 633 -194 5500
Ship1 Battery 2877 2506 -2067 3626
Ship1 LH2-DFICE 1611 377 62 5756
Ship1 LNHs-DFICE 1377 418 21 5715
Ship1 MeOH-DFICE 1303 398 41 5735
Ship1 LNG-DFICE 1352 341 98 5792
Ship1 LOHC-SOFC 2995 914 -475 5219
Ship1 LOHC-DFICE 2327 753 -314 5380
Ship2 HFO-ICE 4903 1305 0 13076
Ship2 LH2-PEMFC 3473 889 416 13492
Ship2 LNHs3-SOFC 5531 1836 -531 12545
Ship2 LH»-DFICE 5394 1300 5 13081
Ship2 LNHs-DFICE 3833 1562 -257 12819
Ship2 MeOH-DFICE 3346 1430 -125 12951
Ship2 LNG-DFICE 3688 1061 244 13320
Ship2 LOHC-SOFC 7494 3081 -1775 11301
Ship2 LOHC-DFICE 6361 3131 -1825 11251
Ship3 HFO-ICE 7250 2382 0 20542
Ship3 LH2-PEMFC 8820 2156 226 20769
Ship3 LNHs-SOFC 9441 3751 -1369 19174
Ship3 LH2-DFICE 11473 2791 -409 20134
Ship3 LNHs-DFICE 7077 3511 -1129 19413
Ship3 MeOH-DFICE 5716 3143 -761 19782
Ship3 LNG-DFICE 6689 2118 264 20807
Ship3 LOHC-SOFC 13854 7328 -4946 15597
Ship3 LOHC-DFICE 12100 7541 -5159 15383
Ship4 HFO-ICE 11781 3966 0 31451
Ship4  LH2-PEMFC 15772 3807 159 31610
Ship4 LNHs-SOFC 14135 5859 -1893 29558
Ship4 Battery 88161 78526 -74560 -43109
Ship4 LH2-DFICE 19825 4762 -796 30655
Ship4  LNHs-DFICE 11707 6075 -2109 29342
Ship4 MeOH-DFICE 9208 5398 -1432 30019
Ship4 LNG-DFICE 11018 3522 444 31895
Ship4 LOHC-SOFC 20853 11735 -7769 23682
Ship4 LOHC-DFICE 20054 13325 -9360 22091
Ship5 HFO-ICE 17702 6191 0 48558
Ship5 LH2-PEMFC 25470 6156 35 48593
Ship5 LNHs3-SOFC 24036 10130 -3939 44619
Ship5 LH2-DFICE 32511 7746 -1554 47004
Ship5 LNHs-DFICE 19375 9863 -3671 44887
Ship5 MeOH-DFICE 15337 8769 -2578 45980
Ship5 LNG-DFICE 18273 5740 452 49010
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Ship5 LOHC-SOFC 35742 20515 -14323 34235

Ship5 LOHC-DFICE 32621 21536 -15345 33213
Ship6 HFO-ICE 19424 9082 0 71291
Ship6 LH.-PEMFC 47311 11208 -2126 69165
Ship6 LNHs-SOFC 33820 16365 -7283 64008
Ship6  LH.-DFICE 55663 13252 -4170 67120
Ship6 LNHs-DFICE 30116 17218 -8136 63155
Ship6 MeOH-DFICE 22376 15118 -6036 65255
Ship6 LNG-DFICE 28078 9342 -260 71031
Ship6 LOHC-SOFC 52338 35673 -26591 44700
Ship6 LOHC-DFICE 50659 38745 -29663 41628
Ship7 HFO-ICE 19355 9649 0 95487
Ship7  LH.-PEMFC 52292 12361 -2712 92775
Ship7 LNHs-SOFC 35220 17175 -7525 87962
Ship7  LH.-DFICE 61022 14507 -4858 90629
Ship7 LNHs-DFICE 32621 18864 -9215 86272
Ship7 MeOH-DFICE 24054 16538 -6889 88598
Ship7 LNG-DFICE 30387 10155 -506 94981
Ship7 LOHC-SOFC 54152 37492 -27843 67644
Ship7 LOHC-DFICE 54518 42538 -32889 62598
Ship8 HFO-ICE 22277 11559 0 123760
Ship8 LH.-PEMFC 64015 15072 -3513 120247
Ship8 LNHs-SOFC 40897 20823 -9265 114495
Ship8  LH.-DFICE 73481 17520 -5961 117799
Ship8 LNHs-DFICE 38331 22905 -11346 112414
Ship8 MeOH-DFICE 27735 20027 -8469 115291
Ship8 LNG-DFICE 35570 12133 -574 123186
Ship8 LOHC-SOFC 64809 46560 -35001 88759
Ship8 LOHC-DFICE 65316 52170 -40612 83148
Ship9 HFO-ICE 24333 12375 0 128915
Ship9 LH.-PEMFC 68276 16055 -3681 125234
Ship9 LNHs-SOFC 41534 21196 -8821 120094
Ship9  LH.-DFICE 77874 18583 -6209 122706
Ship9 LNHs-DFICE 40266 24308 -11933 116982
Ship9 MeOH-DFICE 28956 21235 -8860 120055
Ship9 LNG-DFICE 37329 12816 -441 128474
Ship9 LOHC-SOFC 65515 47379 -35004 93911
Ship9 LOHC-DFICE 68529 55443 -43068 85847

Unit process data

The unit process data used in this study are shown in below. Inputs, which are supplied
from own processes, i.e. processes not already contained in the premise pLCl database,
are marked with an asterisk (*).

Table §4.3. Life cycle inventory of transport, container ship, HFO-ICE, size1 (t-nm)
Exchanges Amount Unit

Economic flows

container ship production, HFO-ICE, size1* 1.13E-10 unit
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fuel tank, heavy fuel oil* 1.30E-05 kilogram
market for maintenance, container ship 2.27E-11 unit
heavy fuel oil, very low-sulphur* 9.31E-03 kilogram
urea solution, 40 wt%* 1.78E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 4.48E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.85E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 3.04E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.70E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 1.49E-06 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.35E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 2.20E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 2.63E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 9.33E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 3.02E-05 kilogram
Table S4.4. Life cycle inventory of container ship production, HFO-ICE, size1 (unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 8.31E-02 unit
propulsion system, HFO-ICE, size1* 1 unit
Table S4.5. Life cycle inventory of hull production, container ship, for DWT 103,800 (unit)
Exchanges Amount Unit
Economic flows
market for reinforcing steel 4.49E+07 kilogram
market for copper, cathode 7.12E+04 kilogram
market for bronze 6.67E+04 kilogram
market for zinc 3.11E+05 kilogram
market for aluminium, wrought alloy 2.22E+04 kilogram
market for cast iron 1.74E+06 kilogram
market for electronic component machinery, unspecified 2.22E+02 unit
market for glass wool mat 3.78E+05 kilogram
market for asbestos, crysotile type 3.78E+05 kilogram
market for sanitary ceramics 3.78E+05 kilogram
market for polypropylene, granulate 1.07E+05 kilogram
market for polyethylene, high density, granulate 1.07E+05 kilogram
market for polystyrene, expandable 1.07E+05 kilogram
market for polyvinylidenchloride, granulate 1.07E+05 kilogram
market for polyurethane, flexible foam 1.07E+05 kilogram
market for glued laminated timber, average glue mix 9.25E+02 cubic meter
market for alkyd paint, white, without solvent, in 60% solution state 2.22E+05 kilogram
market for welding, arc, steel 2.79E+07 meter
market for welding, gas, steel 1.77E+08 meter
market group for electricity, medium voltage 1.48E+07 kilowatt hour
market group for heat, district or industrial, other than natural gas 1.70E+07 megajoule
market for inert waste, for final disposal 3.78E+05 kilogram
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market for scrap aluminium 2.22E+04 kilogram
market for scrap copper 7.12E+04 kilogram
market for scrap steel 4.49E+07 kilogram
market for waste electric and electronic equipment 5.56E+05 kilogram
market for waste emulsion paint 2.14E+05 kilogram
market for waste mineral wool 7.56E+05 kilogram
market for waste plastic, mixture 5.34E+05 kilogram
bronze scrap, post-consumer, Recycled Content cut-off 6.67E+04 kilogram
iron scrap, unsorted, Recycled Content cut-off 1.74E+06 kilogram
zinc scrap, post-consumer, Recycled Content cut-off 3.11E+05 kilogram
Environmental flows
NMVOC, non-methane volatile organic compounds, unspecified origin (to air) 1.82E+05 kilogram
Hydrocarbons, unspecified (to water) 4.00E+03 kilogram
Hydrocarbons, unspecified (to soil) 4.00E+03 kilogram
Data source: Jain et al.’®” and Notten et al.'®®
Table S4.6. Life cycle inventory of propulsion system, HFO-ICE, size1 (unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 7.95 MW
market for generator, 200kW electrical 5 unit
marine engine, CI, ICE* 1 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 18 unit
SCR* 8.95 MW
market for oil boiler, 100kW 2.5 unit
Table S4.7. Life cycle inventory of marine engine, Cl, ICE (MW)
Exchanges Amount Unit
Economic flows
market for steel, chromium steel 18/8 1.17E+04 kilogram
market for cast iron 1.34E+04 kilogram
market for aluminium, primary, ingot 2.33E+03 kilogram
market for zinc 5.84E+01 kilogram
market for wire drawing, copper 2.92E+01 kilogram
market for lead 2.92E+01 kilogram
market for nylon 6 2.63E+02 kilogram
market for silicone product 2.63E+02 kilogram
market for alkyd paint, white, without solvent, in 60% solution state 2.63E+02 kilogram
market for lubricating oil 8.76E+02 kilogram
market group for electricity, medium voltage 1.08E+04 kilowatt hour
Data source: Kanchiralla et al.?®
Table S4.8. Life cycle inventory of SCR (MW)
Exchanges Amount Unit
Economic flows
market for steel, chromium steel 18/8 942.08 kilogram
market for titanium dioxide 4.72 kilogram

Data source: Kanchiralla et al.?®

Table S4.9. Life cycle inventory of fuel tank, heavy fuel oil (kg)
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Exchanges Amount Unit
Economic flows
market for steel, unalloyed 1.16 kilogram
market for sheet rolling, steel 1.16 kilogram
market for scrap steel -2.78E-01 kilogram
market for alkyd paint, white, without solvent, in 60% solution state 1.18E-01 kilogram
market group for electricity, low voltage 4.70E-01 kilowatt hour
Data source: Dlamini et al.2**
Table S4.10. Life cycle inventory of marine gas oil, very low-sulphur (kg)
Exchanges Amount Unit
Economic flows
market group for diesel, low-sulfur 1.00 kilogram
market group for electricity, low voltage 5.46E-03 kilowatt hour
market for petroleum coke 9.20E-05 kilogram
market for hydrogen, gaseous 8.92E-03 kilogram
Environmental flows
Hydrogen sulfide (to air) 5.63E-03 kilogram
Data source: Silva'”
Table S4.11. Life cycle inventory of heavy fuel oil, very low-sulphur (kg)
Exchanges Amount Unit
Economic flows
market for heavy fuel oil 1.00 kilogram
market group for electricity, low voltage 5.46E-03 kilowatt hour
market for petroleum coke 9.20E-05 kilogram
market for hydrogen, gaseous 8.92E-03 kilogram
Environmental flows
Hydrogen sulfide (to air) 5.63E-03 kilogram
Data source: Silva'”*
Table S4.12. Life cycle inventory of urea solution, 40 wt% (kg)
Exchanges Amount Unit
Economic flows
market for urea 0.4 kilogram
market for water, deionised 0.6 kilogram
Data source: Brynolf et al.?52
Table S4.13. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size1 (t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid H2-PEMFC, size1* 1.09E-10 unit
fuel tank, cryogenic, liquid hydrogen* 9.43E-06 kilogram
market for maintenance, container ship 2.18E-11 unit
liquid hydrogen production* 3.05E-03 kilogram
market group for electricity, low voltage 7.14E-05 kilowatt hour

Table S4.14. Life cycle inventory of container ship production, liquid H>-PEMFC, size1 (unit)

Exchanges

Amount

Unit

Economic flows
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hull production, container ship, for DWT 103800* 0.083 unit
propulsion system, liquid H2-PEMFC, size1* 1 unit
Table S4.15. Life cycle inventory of propulsion system, liquid H2-PEMFC, size1 (unit)
Exchanges Amount Unit
Economic flows
PEMFC* 48.65 MW
market for converter, for electric passenger car 460.80 kilogram
market for inverter, 500kW 12.40 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 65.11 kilogram
motor drive* 8.28 MW
market for marine electric motor 21.68 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 178.88 unit
electric boiler, 100kW* 2.50 unit
Reliquefaction plant, 1 kg/h capacity* 2.89 unit
Table S4.16. Life cycle inventory of PEMFC (MW)
Exchanges Amount Unit
Economic flows
market for pump, 40W 3000 unit
market for acrylonitrile 0.21 kilogram
market for air filter, in exhaust air valve 13.00 unit
market for aluminium, cast alloy 268.25 kilogram
market for cable, three-conductor cable 16000 meter
market for carbon black 0.19 kilogram
market for steel, chromium steel 18/8 40 kilogram
market for cobalt oxide 0.02 kilogram
market for wire drawing, copper 6 kilogram
market for electronics, for control units 34 kilogram
market for epoxy resin, liquid 70.20 kilogram
market for ethylene glycol 10 kilogram
market for extrusion of plastic sheets and thermoforming, inline 12.13 kilogram
market for formaldehyde 0.01 kilogram
market for glass fibre 20 kilogram
market for polyethylene, high density, granulate 10.01 kilogram
market for hydrochloric acid, without water, in 30% solution state 0.08 kilogram
market for steel, low-alloyed 83 kilogram
market for methanol 0.63 kilogram
market for methyl acrylate 0.01 kilogram
market for nitric acid, without water, in 50% solution state 0.19 kilogram
market for nylon 6 30 kilogram
market for permanent magnet, for electric motor 10 kilogram
market for extrusion, plastic pipes 30 kilogram
market for platinum 0.02 kilogram
market for polyphenylene sulfide 10 kilogram
market for polypropylene, granulate 50 kilogram
market for polyurethane, rigid foam 19 kilogram
treatment of automobile catalyst 0.05 kilogram
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market for silicone product 30 kilogram
market for sodium hydroxide, without water, in 50% solution state 0.01 kilogram
market for sodium nitrate 0.19 kilogram
market for spent solvent mixture 0.40 kilogram
market for sulfur trioxide 1.29 kilogram
market for tetrafluoroethylene 13.18 kilogram
market for titanium 240 kilogram
market for water, deionised 0.67 kilogram
market for heat, district or industrial, natural gas 765.37 megajoule
market group for electricity, medium voltage 706.32 kilowatt hour

Data source: Usai et al.?®

Table S4.17. Life cycle inventory of motor drive (MW)
Exchanges Amount Unit
Economic flows
market for aluminium, primary, ingot 36.2 kilogram
market for copper, cathode 174.7 kilogram
market for kraft paper 0.3 kilogram
market for polyester-complexed starch biopolymer 73.45 kilogram
market for steel, low-alloyed 315.45 kilogram
market for brass 9.95 kilogram
market for sanitary ceramics 3.35 kilogram
market for chromium 0.05 kilogram
market for epoxy resin insulator, SiO2 3.8 kilogram
market for molybdenum 1.6 kilogram
market for nickel, class 1 0.1 kilogram
market for glass fibre reinforced plastic, polyester resin, hand lay-up 2.85 kilogram
market for glass fibre 0.1 kilogram
market for vegetable oil, refined 121 kilogram
market for pigiron 5.4 kilogram
market for silicone product 0.2 kilogram
market for silver 0.05 kilogram
market for solder, bar, Sn63Pb37, for electronics industry 0.85 kilogram
market for zinc 1.5 kilogram
market group for electricity, medium voltage 40 kilowatt hour

Data source: Westberg?®® and ABB'83

Table S4.18. Life cycle inventory of electric boiler, 100kW (unit)
Exchanges Amount Unit
Economic flows
market group for electricity, medium voltage 7.50E+02 kilowatt hour
market for heat, district or industrial, other than natural gas 1.26E+03 megajoule
market for glass fibre 3.15 kilogram
market for stone wool 1.92 kilogram
market for sanitary ceramics 4.79 kilogram
market for expanded vermiculite 1.16E+01 kilogram
market for brass 1.59E+01 kilogram
market for castiron 5.40E+01 kilogram
market for steel, low-alloyed, hot rolled 9.36E+01 kilogram
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market for zinc coat, coils 6.96E+01 square meter
market for steel, chromium steel 18/8 6.23E+01 kilogram
market for steel, low-alloyed 8.77E+01 kilogram
market for steel, unalloyed 6.26E+01 kilogram
market for cable, unspecified 4.45E+01 kilogram
market for electric connector, wire clamp 4.25 kilogram
market for electronics, for control units 3.29 kilogram
market for printed wiring board, surface mounted, unspecified, Pb free 6.30 kilogram
market for resistor, wirewound, through-hole mounting 1.01E+01 kilogram
market for nylon 6-6 9.18E-01 kilogram
market for polyvinylchloride, bulk polymerised 3.29E-01 kilogram
market for polyethylene, low density, granulate 6.58E-01 kilogram
market for silicone product 4.93E-01 kilogram
market for alkyd paint, white, without solvent, in 60% solution state 3.42 kilogram
market for coating powder 8.90E-01 kilogram
market for inert waste, for final disposal 4.42E+01 kilogram
iron scrap, unsorted, Recycled Content cut-off 1.85E+02 kilogram
market for scrap steel 1.85E+02 kilogram
market for electronics scrap from control units 7.56E-01 kilogram
market for used cable 3.03E+01 kilogram
market for waste electric wiring 3.40E-01 kilogram
market for waste polyethylene 1.32E-03 kilogram
market for waste polyvinylchloride 2.50E-01 kilogram
market for waste plastic, mixture 1.41 kilogram
market for waste paint on metal 4.32 kilogram

Data source: Abbas?3?

Table S4.19. Life cycle inventory of reliquefaction plant, 1 kg/h capacity (unit)
Exchanges Amount Unit
Economic flows
market for steel, chromium steel 18/8 16.5 kilogram
market for cast iron 6 kilogram
market for steel, unalloyed 5.4 kilogram
market for aluminium, primary, ingot 2.1 kilogram
market for casting, steel, lost-wax 21.9 kilogram
market for casting, aluminium, lost-wax 2.1 kilogram
market group for electricity, medium voltage 11.34 kilowatt hour
market for scrap steel -21.90 kilogram
market for scrap aluminium -2.10 kilogram
market for iron scrap, unsorted -6.00 kilogram
market for natural gas, liquefied 0.01 cubic meter
market for nitrogen, liquid 4.18 kilogram

Data source: Park et al.?’®

Table S4.20. Life cycle inventory of fuel tank, cryogenic, liquid hydrogen (kg)
Exchanges Amount Unit
Economic flows
market for compressed air, 1000 kPa gauge 3.76E-04 cubic meter
market group for electricity, low voltage 5.98E-01 kilowatt hour
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market for steel, chromium steel 18/8 9.74E-01 kilogram
market for aluminium alloy, AIMg3 2.59E-02 kilogram
Data source: Abbas?3®
Table S4.21. Life cycle inventory of liquid hydrogen production (kg)
Exchanges Amount Unit
Economic flows
market for hydrogen, gaseous, 25-30 bar 1.0162 kilogram
hydrogen liquefaction plant construction* 3.43E-09 unit
market group for electricity, low voltage 10.5 kilowatt hour
Environmental flows
Hydrogen (to air) 0.0162 kilogram
Data source: Al Ghafri et al.'”® and Wulf and Zapp'”®
Table S4.22. Life cycle inventory of hydrogen liquefaction plant construction (unit)
Exchanges Amount Unit
Economic flows
market for steel, chromium steel 18/8 5.95E+05 kilogram
market for reinforcing steel 3.80E+05 kilogram
market group for concrete, normal 2.03E+04 cubic meter
market for copper, cathode 1.50E+05 kilogram
market for aluminium alloy, AIMg3 1.40E+05 kilogram
Data source: Al Ghafri et al.”®
Table S4.23. Life cycle inventory of transport, container ship, liquid NHs-SOFC, size1 (t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid NH3-SOFC, size1* 1.17E-10 unit
fuel tank, cryogenic, liquid ammonia* 2.57E-06 kilogram
market for maintenance, container ship 2.35E-11 unit
ammonia production, liquid* 1.73E-02 kilogram
market group for electricity, low voltage 2.30E-04 kilowatt hour
Environmental flows
Nitrogen oxides (to air, non-urban air or from high stacks) 1.66E-07 kilogram
Table S4.24. Life cycle inventory of container ship production, liquid NH3-SOFC, size1 (unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 0.083 unit
propulsion system, liquid NH3-SOFC, size1* 1 unit
Table §4.25. Life cycle inventory of propulsion system, liquid NH3-SOFC, size1 (unit)
Exchanges Amount Unit
Economic flows
SOFC* 48.65 MW
market for converter, for electric passenger car 506.25 kilogram
market for inverter, 500kW 12.40 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 194.04 kilogram
motor drive* 8.28 MW
market for marine electric motor 21.68 unit

188



market for control cabinet, heat and power co-generation unit, 160kW electrical 178.88 unit
electric boiler, 100kW* 2.50 unit
Reliquefaction plant, 1 kg/h capacity* 1.51 unit
Table S4.26. Life cycle inventory of SOFC (MW)
Exchanges Amount Unit
Economic flows
market for butyldiglycol acetate 50.52 kilogram
market for aluminium, primary, ingot 4000 kilogram
market for methyl methacrylate 135.10 kilogram
market for carbon black 87.60 kilogram
market for cobalt oxide 45.77 kilogram
market for wire drawing, copper 4000 kilogram
market for lanthanum oxide 45.19 kilogram
market for carboxymethyl cellulose, powder 89.04 kilogram
market for butyl acetate 404.95 kilogram
market for nickel, class 1 1136 kilogram
market for ethylene glycol 132 kilogram
market for strontium carbonate 7.04 kilogram
market for steel, chromium steel 18/8 31000 kilogram
market for yttrium oxide 53.43 kilogram
market for zirconium oxide 357.57 kilogram
market group for electricity, medium voltage 7577.78 kilowatt hour
Environmental flows
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 432 kilogram
Data source: Kanchiralla et al.?®
Table S4.27. Life cycle inventory of fuel tank, cryogenic, liquid ammonia (kg)
Exchanges Amount Unit
Economic flows
market for steel, low-alloyed 0.55 kilogram
market for steel, unalloyed 0.56 kilogram
market for sheet rolling, steel 1.1 kilogram
market for scrap steel -0.11 kilogram
Data source: Ryste*®” and Cryocan?®
Table S4.28. Life cycle inventory of ammonia production, liquid (kg)
Exchanges Amount Unit
Economic flows
market for hydrogen, gaseous, 25-30 bar 1.76E-01 kilogram
nitrogen, gaseous, from cryogenic distillation, without compression* 8.15E-01 kilogram
ammonia synthesis catalyst* 5.15E-05 kilogram
market for chemical factory, organics 3.29E-10 unit
market group for electricity, low voltage 1.44 kilowatt hour
treatment of inert waste, inert material landfill 5.15E-05 kilogram
Environmental flows
Water, cooling, unspecified natural origin (from natural resource) 1.49E-01 cubic meter
Hydrogen (to air) 7.67E-04 kilogram
Ammonia (to air) 1.63E-03 kilogram
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Nitrogen oxides (to air)
Water (to air)
Water (to water)

1.00E-03
4.76E-02
1.01E-01

kilogram
cubic meter

cubic meter

Data source: D’Angelo et al.>

Table S4.29. Life cycle inventory of nitrogen, gaseous, from cryogenic distillation, without compression (kg)

Exchanges Amount Unit
Economic flows
market for air separation facility 4.43E-10 unit
Environmental flows
Water, cooling, unspecified natural origin (from natural resource) 4.00E-03 cubic meter
Water (to water) 2.45E-03 cubic meter
Data source: D’Angelo et al.>
Table S4.30. Life cycle inventory of ammonia synthesis catalyst (kg)
Exchanges Amount Unit
Economic flows
market for magnetite 9.17E-01 kilogram
market for lime 3.00E-02 kilogram
market for zeolite, powder 5.25E-02 kilogram
market group for electricity, low voltage 1.78 kilowatt hour
Data source: D’Angelo et al.%
Table S4.31. Life cycle inventory of transport, container ship, battery, size1 (t-nm)
Exchanges Amount Unit
Economic flows
container ship production, battery, size1* 1.78E-10 unit
market for maintenance, container ship 3.56E-11 unit
market group for electricity, low voltage 9.51E-02 kilowatt hour
Table S4.32. Life cycle inventory of container ship production, battery, size1 (unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 8.31E-02 unit
propulsion system, battery, size1* 1 unit
Table S4.33. Life cycle inventory of propulsion system, battery, size1 (unit)
Exchanges Amount Unit
Economic flows
market for converter, for electric passenger car 437.85 kilogram
market for inverter, 500kW 12.40 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 52814.04 kilogram
motor drive* 8.28 MW
market for marine electric motor 21.68 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 178.88 unit
electric boiler, 100kW 2.50 unit
Table S4.34. Life cycle inventory of transport, container ship, liquid H>-DFICE, size1 (t-nm)
Exchanges Amount Unit

Economic flows
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container ship production, liquid H2-DFICE, size1* 1.12E-10 unit
fuel tank, heavy fuel oil* 4.84E-08 kilogram
fuel tank, cryogenic, liquid hydrogen* 9.46E-06 kilogram
market for maintenance, container ship 2.25E-11 unit
liquid hydrogen production* 3.06E-03 kilogram
marine gas oil, very low-sulphur* 4.52E-04 kilogram
urea solution, 40 wt% 1.60E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.12E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 8.31E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.90E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.56E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.51E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.08E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.23E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.31E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.43E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.51E-06 kilogram
Table S4.35. Life cycle inventory of propulsion system, liquid H>-DFICE, size1 (unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 8.31E-02 unit
propulsion system, liquid H2-DFICE, size1* 1 unit
Table S4.36. Life cycle inventory of propulsion system, liquid H>-DFICE, size1 (unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 7.95 MW
market for generator, 200kW electrical 5 unit
marine engine, Cl, ICE* 1 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 18 unit
SCR* 7.95 MW
electric boiler, 100kW* 2.5 unit
Reliquefaction plant, 1 kg/h capacity* 2.82 unit
Table §4.37. Life cycle inventory of transport, container ship, liquid NH3s-DFICE, size1 (t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid NHs-DFICE, size1* 1.13E-10 unit
fuel tank, heavy fuel oil* 5.08E-08 kilogram
fuel tank, cryogenic, liquid ammonia* 3.07E-06 kilogram
market for maintenance, container ship 2.26E-11 unit
ammonia production, liquid* 2.07E-02 kilogram
marine gas oil, very low-sulphur* 4.75E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.22E-08 kilogram
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Carbon monoxide, fossil (to air, non-urban air or from high stacks) 8.73E-06 kilogram

Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.50E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.70E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 6.94E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.90E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.29E-06 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.38E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.65E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 1.58E-06 kilogram

Table S4.38. Life cycle inventory of container ship production, liquid NHs-DFICE, size1 (unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 8.31E-02 unit
propulsion system, liquid NH3-DFICE, size1* 1 unit

Table S4.39. Life cycle inventory of propulsion system, liquid NH3s-DFICE, size1 (unit)

Exchanges Amount Unit

Economic flows

marine engine, CI, ICE* 7.95 MW
market for generator, 200kW electrical 5 unit
marine engine, CI, ICE* 1 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 18 unit
SCR* 8.95 MW
electric boiler, 100kW* 2.5 unit
Reliquefaction plant, 1 kg/h capacity* 1.88 unit

Table S4.40. Life cycle inventory of transport, container ship, MeOH-DFICE, size1 (t-nm)

Exchanges Amount Unit

Economic flows

container ship production, MeOH-DFICE, size1* 1.12E-10 unit
fuel tank, heavy fuel oil* 4.85E-08 kilogram
fuel tank, methanol* 2.28E-06 kilogram
market for maintenance, container ship 2.25E-11 unit
methanol production, CO2 from DAC* 1.83E-02 kilogram
marine gas oil, very low-sulphur* 4.53E-04 kilogram
urea solution, 40 wt%* 1.67E-03 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 2.12E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.14E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.76E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.69E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.52E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.24E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.10E-06 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 5.53E-07 kilogram
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Sulfur dioxide (to air, non-urban air or from high stacks) 4.44E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 9.92E-06 kilogram

Particulates, < 2.5 um (to air, non-urban air or from high stacks) 6.36E-06 kilogram

Table S4.41. Life cycle inventory of container ship production, MeOH-DFICE, size1 (unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 8.31E-02 unit
propulsion system, MeOH-DFICE, size1* 1 unit

Table S4.42. Life cycle inventory of propulsion system, MeOH-DFICE, size1 (unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 7.95 MW
market for generator, 200kW electrical 5 unit
marine engine, CI, ICE* 1 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 18 unit
SCR* 8.95 MW
electric boiler, T00kW* 25 unit

Table S4.43. Life cycle inventory of fuel tank, methanol (kg)

Exchanges Amount Unit

Economic flows

market for steel, unalloyed 1.16 kilogram
market for sheet rolling, steel 1.16 kilogram
market for scrap steel -2.78E-01 kilogram
market for epoxy resin, liquid 1.18E-01 kilogram
market group for electricity, low voltage 4.70E-01 kilowatt hour

Data source: Dlamini et al.?**and CGH %78

Table S4.44. Life cycle inventory of methanol production, CO2 from DAC (kg)

Exchanges Amount Unit

Economic flows

CO: from DAC* 1.51 kilogram
market for hydrogen, gaseous, 25-30 bar 2.08E-01 kilogram
market group for electricity, high voltage 2.72E-01 kilowatt hour
market for steel, chromium steel 18/8 1.53E-04 kilogram
market for aluminium oxide, non-metallurgical 1.20E-05 kilogram
market for copper oxide 6.20E-05 kilogram
market for zinc oxide 2.90E-05 kilogram
market for heat, from steam, in chemical industry 4.40E-01 megajoule
market for wastewater, average 5.71E-04 cubic meter

Environmental flows

Carbon dioxide, fossil (to air) 7.70E-02 kilogram
Methanol (to air) 1.00E-02 kilogram
Nitrogen oxides (to air) 1.78E-06 kilogram

Data source: Gonzalez-Garay et al.”””

Table S4.45. Life cycle inventory of CO2 from DAC (kg)

Exchanges Amount Unit
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Economic flows

market group for electricity, high voltage 0.366 kilowatt hour
market group for tap water 3.105 kilogram
market group for natural gas, high pressure 0.1895 cubic meter
market for calcium carbonate, precipitated 0.02 kilogram
Environmental flows
Carbon dioxide, in air 1 kilogram
Data source: Keith et al.”®
Table S4.46. Life cycle inventory of transport, container ship, LNG-DFICE, size1 (unit)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size1* 1.11E-10 unit
fuel tank, heavy fuel oil* 9.23E-09 kilogram
fuel tank, LNG* 2.91E-06 kilogram
market for maintenance, container ship 2.23E-11 unit
natural gas, liquid* 7.44E-03 kilogram
marine gas oil, very low-sulphur* 8.62E-05 kilogram
urea solution, 40 wt%* 1.59E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.23E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.88E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.04E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.55E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.07E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.06E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 2.28E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.56E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 8.44E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.80E-06 kilogram
Table S4.47. Life cycle inventory of container ship production, LNG-DFICE, size1 (unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 8.31E-02 unit
propulsion system, LNG-DFICE, size1* 1 unit
Table S4.48. Life cycle inventory of propulsion system, LNG-DFICE, size1 (unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 7.95 MW
market for generator, 200kW electrical 5 unit
marine engine, Cl, ICE* 1 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 18 unit
SCR* 7.95 MW
market for gas boiler 25 unit
Reliquefaction plant, 1 kg/h capacity* 2.24 unit
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Table S4.49. Life cycle inventory of natural gas, liquid (kg)

Exchanges Amount Unit
Economic flows
market for natural gas, liquefied 1.26 cubic meter
Table S4.50. Life cycle inventory of fuel tank, LNG (kg)
Exchanges Amount Unit
Economic flows
market for steel, chromium steel 18/8 5.53E-01 kilogram
market for steel, low-alloyed 5.58E-01 kilogram
market for sheet rolling, steel 1.1 kilogram
market for scrap steel -1.11E-01 kilogram
Data source: Ryste?®”
Table S4.51. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size1 (t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size1* 1.11E-10 unit
fuel tank, heavy fuel oil* 9.23E-09 kilogram
fuel tank, LNG* 2.91E-06 kilogram
market for maintenance, container ship 2.23E-11 unit
natural gas, liquid, woody biomass* 7.44E-03 kilogram
marine gas oil, very low-sulphur* 8.62E-05 kilogram
urea solution, 40 wt%* 1.59E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.23E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.88E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.04E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.55E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.07E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.06E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 2.28E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.56E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 8.44E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.80E-06 kilogram
Table S4.52. Life cycle inventory of natural gas, liquid, woody biomass (kg)
Exchanges Amount Unit

Economic flows

biomethane production, high pressure from synthetic gas, wood, fluidised 1.33
technology
market group for electricity, low voltage 1.33E-02

cubic meter

kilowatt hour

Data source: Gustafsson et al.?%”

Table S4.53. Life cycle inventory of transport, container ship, LOHC-SOFC, size1 (1 t-nm

Exchanges Amount Unit
Economic flows
container ship production, LOHC-SOFC, size1* 1.23E-10 unit
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fuel tank, heavy fuel oil

market for maintenance, container ship

dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*

market group for electricity, low voltage

4.43E-06
2.48E-11

2.82E-03
2.43E-04

kilogram
unit
kilogram

kilowatt hour

Table S4.54. Life cycle inventory of container ship production, LOHC-SOFC, size1 (1 unit)

Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 8.31E-02 unit
propulsion system, LOHC-SOFC, size1* 1 unit
Table S4.55. Life cycle inventory of propulsion system, LOHC-SOFC, size1 (1 unit)
Exchanges Amount Unit
Economic flows
SOFC* 48.65 MW
market for converter, for electric passenger car 506.25 kilogram
market for inverter, 500kW 12.4 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 194.043 kilogram
motor drive* 8.28 MW
market for marine electric motor 21.681 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 178.875 unit
LOHC reactor* 6.49 MW H2
electric boiler, 100kW* 2.5 unit
Table S§4.56. Life cycle inventory of LOHC reactor (1 MW H>)
Exchanges Amount Unit
Economic flows
market for aluminium oxide, metallurgical 257.576 kilogram
market for copper oxide 1030.303 kilogram
market for zinc oxide 429.293 kilogram
market for steel, chromium steel 18/8 15282.828 kilogram

Data source: Adapted from the ammonia cracker in Kanchiralla et al.?®

Table S4.57. Life cycle inventory of dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen (1

kg)
Exchanges Amount Unit
Economic flows
hydrogenation of dibenzyltoluene (HO-DBT) for storing hydrogen* 1 kilogram
market for platinum 1.61E-07 kilogram
market for aluminium oxide, non-metallurgical 3.21E-05 kilogram

Data source: Wulf et al.3%®

Table S4.58. Life cycle inventory of hydrogenation of dibenzyltoluene (HO-DBT) for storing hydrogen (1 kg)

Exchanges Amount Unit
Economic flows

dibenzyltoluene (HO-DBT) production* 1.51E-02 kilogram
market for hydrogen, gaseous, 25-30 bar* 1.01 kilogram
market for platinum 1.61E-07 kilogram
market for aluminium oxide, non-metallurgical 3.21E-05 kilogram
market for chemical factory 3.20E-04 kilogram
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market group for electricity, low voltage 0.666 kilowatt hour
Environmental flows
Hydrogen (to air) 0.01 kilogram
Heat, waste (to air) 2.42 megajoule
Data source: Wulf et al.323
Table S4.59. Life cycle inventory of dibenzyltoluene (HO-DBT) production (1 kg)
Exchanges Amount Unit
Economic flows
market for water, decarbonised 1.20 kilogram
market for toluene, liquid 1.03 kilogram
market for chlorine, gaseous 0.26 kilogram
market for iron(lll) chloride, without water, in 14% iron solution state 2.00E-06 kilogram
market group for electricity, low voltage 421 kilowatt hour
market for heat, from steam, in chemical industry 2.70 megajoule
market for transport, freight, lorry >32 metric ton, EURO6 0.20 ton kilometer

Data source: Wulf et al.3%®

Table S4.60. Life cycle inventory of transport, container ship, LOHC-DFICE, size1 (1 t-nm)

Exchanges Amount Unit
Economic flows
container ship production, LOHC-DFICE, size1* 1.20E-10 unit
fuel tank, heavy fuel oil* 5.17E-08 kilogram
fuel tank, heavy fuel oil* 5.13E-06 kilogram
market for maintenance, container ship 2.40E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*  3.27E-03 kilogram
marine gas oil, very low-sulphur* 4.83E-04 kilogram
urea solution, 40 wt%* 1.72E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.26E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 8.88E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.03E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.67E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 8.02E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.15E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.32E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.40E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.73E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.61E-06 kilogram
Table S4.61. Life cycle inventory of container ship production, LOHC-DFICE, size1 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 8.31E-02 unit
propulsion system, LOHC-DFICE, size1* 1 unit
Table S4.62. Life cycle inventory of propulsion system, LOHC-DFICE, size1 (1 unit)
Exchanges Amount Unit
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Economic flows

marine engine, Cl, ICE* 7.95 MW
market for generator, 200kW electrical 5 unit
marine engine, Cl, ICE* 1 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 18 unit
LOHC reactor* 8.14 MW H2
SCR* 7.95 MW
electric boiler, 100kW* 2.5 unit
Table S4.63. Life cycle inventory of transport, container ship, HFO-ICE, size2 (t-nm)
Exchanges Amount Unit
Economic flows
container ship production, HFO-ICE, size2* 4.86E-11 unit
fuel tank, heavy fuel oil* 1.72E-05 kilogram
market for maintenance, container ship 2.33E-11 unit
heavy fuel oil, very low-sulphur* 8.51E-03 kilogram
urea solution, 40 wt%* 1.56E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 4.09E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.43E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.77E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.51E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 1.36E-06 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.23E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 2.01E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 2.40E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 8.53E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 2.76E-05 kilogram
Table S4.64. Life cycle inventory of container ship production, HFO-ICE, size2 (1 t-nm)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.99E-01 unit
propulsion system, HFO-ICE, size2* 1 unit
Table S4.65. Life cycle inventory of propulsion system, HFO-ICE, size2 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 16.52 MW
market for generator, 200kW electrical 17.72 unit
marine engine, Cl, ICE* 3.54 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 63.94 unit
SCR* 20.06 MW
market for oil boiler, 100kW 3.4 unit
Table S4.66. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size2 (1 t-nm)
Exchanges Amount Unit
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Economic flows

container ship production, liquid H2-PEMFC, size2* 4.71E-11
fuel tank, cryogenic, liquid hydrogen* 2.61E-05
market for maintenance, container ship 2.26E-11
liquid hydrogen production* 2.74E-03
market group for electricity, low voltage 2.22E-05

unit
kilogram
unit
kilogram

kilowatt hour

Table S4.67. Life cycle inventory of container ship production, liquid H>-PEMFC, size2 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.99E-01 unit

propulsion system, liquid H2-PEMFC, size2* 1 unit
Table S4.68. Life cycle inventory of propulsion system, liquid H>-PEMFC, size2 (1 unit)

Exchanges Amount Unit

Economic flows

PEMFC 107.5 MW

market for converter, for electric passenger car 1017.9 kilogram

market for inverter, 500kW 38.2 unit

market for battery, Li-ion, NMC111, rechargeable, prismatic 142.98 kilogram

motor drive 17.2 MW

market for marine electric motor 45.036 unit

market for control cabinet, heat and power co-generation unit, 160kW electrical 394.875 unit

electric boiler, T00kW 3.4 unit

Reliquefaction plant, 1 kg/h capacity 18.42 unit
Table S4.69. Life cycle inventory of transport, container ship, liquid NH3-SOFC, size2 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid NH3-SOFC, size2* 5.06E-11 unit

fuel tank, cryogenic, liquid ammonia* 6.76E-06 kilogram

market for maintenance, container ship 2.43E-11 unit

ammonia production, liquid* 1.48E-02 kilogram

market group for electricity, low voltage 7.14E-05 kilowatt

hour

Environmental flows

Nitrogen oxides (to air, non-urban air or from high stacks) 1.42E-07 kilogram
Table S4.70. Life cycle inventory of container ship production, liquid NH3-SOFC, size2 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800 1.99E-01 unit

propulsion system, liquid NHs-SOFC, size2 1 unit
Table S4.71. Life cycle inventory of propulsion system, liquid NH3s-SOFC, size2 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC* 107.5 MW

market for converter, for electric passenger car 1118.7 kilogram
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market for inverter, 500kW 38.2 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 428.94 kilogram
motor drive* 17.2 MW
market for marine electric motor 45.036 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 394.875 unit
electric boiler, 100kW* 3.4 unit
Reliquefaction plant, 1 kg/h capacity* 9.21 unit
Table S4.72. Life cycle inventory of transport, container ship, liquid H>-DFICE, size2 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid H2-DFICE, size2* 4.85E-11 unit
fuel tank, heavy fuel oil* 1.38E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 2.70E-05 kilogram
market for maintenance, container ship 2.33E-11 unit
liquid hydrogen production* 2.84E-03 kilogram
marine gas oil, very low-sulphur* 4.19E-04 kilogram
urea solution, 40 wt%* 1.30E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.96E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 7.70E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.70E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.31E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 6.96E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.74E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.14E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.22E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.10E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.40E-06 kilogram
Table S4.73. Life cycle inventory of container ship production, liquid H>-DFICE, size2 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.99E-01 unit
propulsion system, liquid H2-DFICE, size2* 1 unit
Table S4.74. Life cycle inventory of propulsion system, liquid H>-DFICE, size2 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 16.52 MW
market for generator, 200kW electrical 17.75 unit
marine engine, CI, ICE* 3.55 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 63.94 unit
SCR* 16.52 MW
electric boiler, T00kW* 3.4 unit
Reliquefaction plant, 1 kg/h capacity* 18.47 unit
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Table S4.75. Life cycle inventory of transport, container ship, liquid NH3-DFICE, size2 (1 t-nm)

Exchanges Amount Unit
Economic flows
container ship production, liquid NH3-DFICE, size2* 4.95E-11 unit
fuel tank, heavy fuel oil* 1.47E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 8.86E-06 kilogram
market for maintenance, container ship 2.37E-11 unit
ammonia production, liquid* 1.94E-02 kilogram
marine gas oil, very low-sulphur* 4.45E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.08E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 8.17E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.40E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.54E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 6.50E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.78E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.21E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.29E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.35E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.48E-06 kilogram
Table S§4.76. Life cycle inventory of container ship production, liquid NHs-DFICE, size2 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.99E-01 unit
propulsion system, liquid NH3-DFICE, size2* 1 unit
Table S4.77. Life cycle inventory of propulsion system, liquid NH3-DFICE, size2 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 16.52 MW
market for generator, 200kW electrical 17.75 unit
marine engine, Cl, ICE 3.55 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 63.94 unit
SCR* 20.06 MW
electric boiler, 100kW* 3.4 unit
Reliquefaction plant, 1 kg/h capacity* 12.35 unit
Table S4.78. Life cycle inventory of transport, container ship, MeOH-DFICE, size2 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, MeOH-DFICE, size2* 4.90E-11 unit
fuel tank, heavy fuel oil* 1.39E-07 kilogram
fuel tank, methanol* 6.53E-06 kilogram
market for maintenance, container ship 2.35E-11 unit
methanol production, CO2 from DAC* 1.70E-02 kilogram
marine gas oil, very low-sulphur* 4.21E-04 kilogram
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urea solution, 40 wt%* 1.42E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.97E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.99E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.56E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.53E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.00E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.15E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.02E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 5.14E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.13E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 9.22E-06 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 5.91E-06 kilogram
Table S4.79. Life cycle inventory of container ship production, Me OH-DFICE, size2 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.99E-01 unit
propulsion system, MeOH-DFICE, size2* 1 unit
Table S4.80. Life cycle inventory of propulsion system, MeOH-DFICE, size2 (1 unit)
Exchanges Amount Unit
Economic flows
propulsion system, MeOH-DFICE, size2* 1 unit
marine engine, CI, ICE* 16.52 MW
market for generator, 200kW electrical 17.75 unit
marine engine, CI, ICE* 3.55 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 63.94 unit
SCR* 20.06 MW
electric boiler, 100kW* 3.4 unit
Table §4.81. Life cycle inventory of transport, container ship, LNG-DFICE, size2 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size2 4.77E-11 unit
fuel tank, heavy fuel oil 2.60E-08 kilogram
fuel tank, LNG 8.19E-06 kilogram
market for maintenance, container ship 2.29E-11 unit
natural gas, liquid 6.79E-03 kilogram
marine gas oil, very low-sulphur 7.88E-05 kilogram
urea solution, 40 wt% 1.28E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.04E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.37E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.86E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.28E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 6.46E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.54E-07 kilogram
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NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 2.08E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.43E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 7.71E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 1.64E-06 kilogram
Table S4.82. Life cycle inventory of container ship production, LNG-DFICE, size2 (1 unit)

Exchanges Amount Unit
Economic flows

hull production, container ship, for DWT 103800* 1.99E-01 unit
propulsion system, LNG-DFICE, size2* 1 unit
Table S4.83. Life cycle inventory of propulsion system, LNG-DFICE, size2 (1 unit)

Exchanges Amount Unit
Economic flows

marine engine, CI, ICE* 16.52 MW
market for generator, 200kW electrical 17.75 unit
marine engine, CI, ICE* 3.55 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 63.9375 unit
SCR* 16.52 MW
market for gas boiler 34 unit
Reliquefaction plant, 1 kg/h capacity* 14.7 unit
Table S4.84. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size2 (1 t-nm)

Exchanges Amount Unit
Economic flows

container ship production, LNG-DFICE, size2* 4.77E-11 unit

fuel tank, heavy fuel oil* 2.60E-08 kilogram
fuel tank, LNG* 8.19E-06 kilogram
market for maintenance, container ship 2.29E-11 unit
natural gas, liquid, woody biomass* 6.79E-03 kilogram
marine gas oil, very low-sulphur* 7.88E-05 kilogram
urea solution, 40 wt% 1.28E-03 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 2.04E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.37E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.86E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.28E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 6.46E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.54E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 2.08E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.43E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 7.71E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.64E-06 kilogram
Table S4.85. Life cycle inventory of transport, container ship, LOHC-SOFC, size2 (1 t-nm)

Exchanges Amount Unit
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Economic flows

container ship production, LOHC-SOFC, size2* 5.62E-11
fuel tank, heavy fuel oil* 1.23E-05
market for maintenance, container ship 2.69E-11

dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen* 2.54E-03

market group for electricity, low voltage* 7.92E-05

unit
kilogram
unit
kilogram

kilowatt hour

Table S4.86. Life cycle inventory of container ship production, LOHC-SOFC, size2 (1 unit)

Exchanges Amount Unit
Economic flows

hull production, container ship, for DWT 103800* 1.99E-01 unit
propulsion system, LOHC-SOFC, size2* 1 unit

Table S4.87. Life cycle inventory of propulsion system, LOHC-SOFC, size2 (1 unit)

Exchanges Amount Unit
Economic flows

SOFC* 107.45 MW
market for converter, for electric passenger car 1118.25 kilogram
market for inverter, 500kW 38.2 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 428.9361702 kilogram
motor drive* 17.2 MW
market for marine electric motor 45.036 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 394.875 unit
LOHC reactor* 11.97 MW H:
electric boiler, 100kW* 3.4 unit
Table S4.88. Life cycle inventory of transport, container ship, LOHC-DFICE, size2 (1 t-nm)

Exchanges Amount Unit
Economic flows

container ship production, LOHC-DFICE, size2* 5.64E-11 unit

fuel tank, heavy fuel oil* 1.60E-07 kilogram
fuel tank, heavy fuel oil* 1.58E-05 kilogram
market for maintenance, container ship 2.71E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen* 3.28E-03 kilogram
marine gas oil, very low-sulphur* 4.85E-04 kilogram
urea solution, 40 wt%* 1.52E-03 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 2.27E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 8.91E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.97E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.52E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 8.05E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.02E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  1.32E-06 kilogram
urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.41E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.75E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0.00E+00 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.62E-06 kilogram
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Table S4.89. Life cycle inventory of container ship production, LOHC-DFICE, size2 (1 unit)

Exchanges Amount Unit
Economic flows

hull production, container ship, for DWT 103800* 1.99E-01 unit
propulsion system, LOHC-DFICE, size2* 1 unit
Table S4.90. Life cycle inventory of propulsion system, LOHC-DFICE, size2 (1 unit)

Exchanges Amount Unit
Economic flows

marine engine, Cl, ICE* 16.52 MW
market for generator, 200kW electrical 17.75 unit
marine engine, Cl, ICE* 3.55 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 63.9375 unit
LOHC reactor* 16.18 MW H2
SCR* 16.52 MW
electric boiler, 100kW* 3.4 unit
Table §4.91. Life cycle inventory of transport, container ship, HFO-ICE, size3 (1 t-nm)

Exchanges Amount Unit
Economic flows

container ship production, HFO-ICE, size3* 2.69E-11 unit

fuel tank, heavy fuel oil* 1.55E-05 kilogram
market for maintenance, container ship 2.17E-11 unit
heavy fuel oil, very low-sulphur* 7.55E-03 kilogram
urea solution, 40 wt%* 1.36E-03 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 3.63E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.93E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.46E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.32E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 1.21E-06 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.09E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.79E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 2.13E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 7.57E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 2.45E-05 kilogram
Table S4.92. Life cycle inventory of container ship production, HFO-ICE, size3 (1 unit)

Exchanges Amount Unit
Economic flows

hull production, container ship, for DWT 103800* 3.34E-01 unit
propulsion system, HFO-ICE, size3* 1 unit
Table S4.93. Life cycle inventory of propulsion system, HFO-ICE, size3 (1 unit)

Exchanges Amount Unit
Economic flows

marine engine, Cl, ICE* 21.56 MW
market for generator, 200kW electrical 33.6 unit
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marine engine, CI, ICE* 6.72 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 120.9375 unit
SCR* 28.28 MW
market for oil boiler, 100kW 4.6 unit
Table S4.94. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size3 (1 t-nm)

Exchanges Amount Unit
Economic flows

container ship production, liquid H2-PEMFC, size3* 2.66E-11 unit

fuel tank, cryogenic, liquid hydrogen* 4.08E-05 kilogram
market for maintenance, container ship 2.15E-11 unit
liquid hydrogen production* 2.46E-03 kilogram
market group for electricity, low voltage 1.01E-05 kilowatt hour

Table S4.95. Life cycle inventory of container ship production, liquid H>-PEMFC, size3 (1 unit)

Exchanges Amount Unit
Economic flows

hull production, container ship, for DWT 103800* 3.34E-01 unit
propulsion system, liquid H2-PEMFC, size3* 1 unit

Table S4.96. Life cycle inventory of propulsion system, liquid Hz-PEMFC, size3 (1 unit)

Exchanges Amount Unit
Economic flows

PEMFC* 150.8 MW
market for converter, for electric passenger car 1427.85 kilogram
market for inverter, 500kW 70.5 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 200.43 kilogram
motor drive* 22.45 MW
market for marine electric motor 58.81 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 554.06 unit
electric boiler, T00kW* 4.6 unit
Religuefaction plant, 1 kg/h capacity* 50.82 unit
Table §4.97. Life cycle inventory of transport, container ship, liquid NH3-SOFC, size3 (1 t-nm)

Exchanges Amount Unit
Economic flows

container ship production, liquid NH3;-SOFC, size3* 2.88E-11 unit

fuel tank, cryogenic, liquid ammonia* 1.20E-05 kilogram
market for maintenance, container ship 2.32E-11 unit
ammonia production, liquid* 1.50E-02 kilogram
market group for electricity, low voltage 3.28E-05 kilowatt hour

Environmental flows

Nitrogen oxides 1.44E-07 kilogram
Table S4.98. Life cycle inventory of container ship production, liquid NH3-SOFC, size3 (1 unit)

Exchanges Amount Unit
Economic flows

hull production, container ship, for DWT 103800* 3.34E-01 unit
propulsion system, liquid NHs-SOFC, size3* 1 unit
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Table S4.99. Life cycle inventory of propulsion system, liquid NHs-SOFC, size3 (1 unit)

Exchanges Amount Unit
Economic flows
SOFC* 150.8 MW
market for converter, for electric passenger car 1569.15 kilogram
market for inverter, 500kW 70.5 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 601.28 kilogram
motor drive* 22.45 MW
market for marine electric motor 58.81 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 554.06 unit
electric boiler, 100kW* 4.6 unit
Reliquefaction plant, 1 kg/h capacity* 28.59 unit
Table S4.100. Life cycle inventory of transport, container ship, liquid H>-DFICE, size3 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid H>-DFICE, size3* 2.75E-11 unit
fuel tank, heavy fuel oil* 2.19E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 4.27E-05 kilogram
market for maintenance, container ship 2.21E-11 unit
liquid hydrogen production* 2.58E-03 kilogram
marine gas oil, very low-sulphur* 3.81E-04 kilogram
urea solution, 40 wt%* 1.09E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.79E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 7.01E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.52E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.12E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 6.33E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 7.33E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.04E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.11E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.73E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.27E-06 kilogram
Table S4.101. Life cycle inventory of container ship production, liquid H>-DFICE, size3 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 3.34E-01 unit

propulsion system, liquid H2-DFICE, size3* 1 unit
Table S4.102. Life cycle inventory of propulsion system, liquid Hz-DFICE, size3 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 21.56 MW

market for generator, 200kW electrical 33.6 unit
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marine engine, CI, ICE* 6.72 MW

market for control cabinet, heat and power co-generation unit, 160kW electrical 120.94 unit
SCR* 21.56 MW
electric boiler, 100kW* 4.6 unit
Reliquefaction plant, 1 kg/h capacity* 51.5 unit

Table S4.103. Life cycle inventory of transport, container ship, liquid NH3-DFICE, size3 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid NH3-DFICE, size3* 2.85E-11 unit
fuel tank, heavy fuel oil* 2.35E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 1.42E-05 kilogram
market for maintenance, container ship 2.30E-11 unit
ammonia production, liquid* 1.79E-02 kilogram
marine gas oil, very low-sulphur* 4.09E-04 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.92E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 7.53E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.29E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.40E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.98E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.64E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.12E-06 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.19E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.01E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.37E-06 kilogram

Table S4.104. Life cycle inventory of container ship production, liquid NH3-DFICE, size3 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 3.34E-01 unit
propulsion system, liquid NHs-DFICE, size3* 1 unit

Table S4.105. Life cycle inventory of propulsion system, liquid NH3s-DFICE, size3 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 21.56 MW
market for generator, 200kW electrical 33.6 unit
marine engine, Cl, ICE* 6.72 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 120.94 unit
SCR* 28.28 MW
electric boiler, 100kW* 4.6 unit
Reliquefaction plant, 1 kg/h capacity* 34.44 unit

Table S4.106. Life cycle inventory of transport, container ship, MeOH-DFICE, size3 (1 t-nm)

Exchanges Amount Unit

Economic flows
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container ship production, MeOH-DFICE, size3* 2.80E-11 unit

fuel tank, heavy fuel oil* 2.21E-07 kilogram
fuel tank, methanol* 1.04E-05 kilogram
market for maintenance, container ship 2.25E-11 unit
methanol production, CO2 from DAC* 1.55E-02 kilogram
marine gas oil, very low-sulphur* 3.85E-04 kilogram
urea solution, 40 wt%* 1.23E-03 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.80E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.82E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.34E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.37E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 6.39E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.04E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 9.33E-07 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 4.69E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.77E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 8.41E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 5.39E-06 kilogram

Table S4.107. Life cycle inventory of container ship production, MeOH-DFICE, size3 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 3.34E-01 unit
propulsion system, MeOH-DFICE, size3* 1 unit

Table S4.108. Life cycle inventory of propulsion system, MeOH-DFICE, size3 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 21.56 MW
market for generator, 200kW electrical 33.6 unit
marine engine, Cl, ICE* 6.72 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 120.9375 unit
SCR* 28.28 MW
electric boiler, 100kW* 4.6 unit

Table S4.109. Life cycle inventory of transport, container ship, LNG-DFICE, size3 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LNG-DFICE, size3* 2.66E-11 unit

fuel tank, heavy fuel oil* 4.04E-08 kilogram
fuel tank, LNG* 1.28E-05 kilogram
market for maintenance, container ship 2.14E-11 unit

natural gas, liquid* 6.07E-03 kilogram
marine gas oil, very low-sulphur* 7.04E-05 kilogram
urea solution, 40 wt%* 1.06E-03 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.82E-04 kilogram
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Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.80E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.66E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.08E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.77E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 7.05E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.86E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.28E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.89E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 1.47E-06 kilogram
Table S4.110. Life cycle inventory of container ship production, LNG-DFICE, size3 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 3.34E-01 unit
propulsion system, LNG-DFICE, size3* 1 unit
Table S4.111. Life cycle inventory of propulsion system, LNG-DFICE, size3 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 21.56 MW
market for generator, 200kW electrical 33.6 unit
marine engine, Cl, ICE* 6.72 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 120.9375 unit
SCR* 21.56 MW
market for gas boiler 46 unit
Reliquefaction plant, 1 kg/h capacity* 40.98 unit
Table S4.112. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size3 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size3* 2.66E-11 unit
fuel tank, heavy fuel oil* 4.04E-08 kilogram
fuel tank, LNG* 1.28E-05 kilogram
market for maintenance, container ship 2.14E-11 unit
natural gas, liquid, woody biomass* 6.07E-03 kilogram
marine gas oil, very low-sulphur* 7.04E-05 kilogram
urea solution, 40 wt%* 1.06E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.82E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.80E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.66E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.08E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.77E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 7.05E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.86E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.28E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.89E-07 kilogram
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Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 1.47E-06 kilogram
Table S4.113. Life cycle inventory of transport, container ship, LOHC-SOFC, size3 (1 t-nm)

Exchanges Amount Unit
Economic flows

container ship production, LOHC-SOFC, size3* 3.55E-11 unit

fuel tank, heavy fuel oil* 2.41E-05 kilogram
market for maintenance, container ship 2.86E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen* 2.86E-03 kilogram

market group for electricity, low voltage 4.03E-05

kilowatt hour

Table S4.114. Life cycle inventory of container ship production, LOHC-SOFC, size3 (1 unit)

Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 3.34E-01 unit
propulsion system, LOHC-SOFC, size3* 1 unit

Table S4.115. Life cycle inventory of propulsion system, LOHC-SOFC, size3 (1 unit)
Exchanges Amount Unit
Economic flows
SOFC* 150.8 MW
market for converter, for electric passenger car 1569.15 kilogram
market for inverter, 500kW 70.5 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 601.277 kilogram
motor drive* 22.45 MW
market for marine electric motor 58.806 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 554.0625 unit
LOHC reactor* 20.37 MW H2
electric boiler, T00kW* 4.6 unit

Table S4.116. Life cycle inventory of transport, container ship, LOHC-DFICE, size3 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LOHC-DFICE, size3* 3.59E-11 unit
fuel tank, heavy fuel oil* 2.84E-07 kilogram
fuel tank, heavy fuel oil* 2.81E-05 kilogram
market for maintenance, container ship 2.90E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen* 3.34E-03 kilogram
marine gas oil, very low-sulphur* 4.95E-04 kilogram
urea solution, 40 wt%* 1.43E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.32E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 9.09E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.98E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.46E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 8.21E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 9.59E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, non-  1.35E-06 kilogram
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urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.43E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.84E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0.00E+00 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.65E-06 kilogram
Table S4.117. Life cycle inventory of container ship production, LOHC-DFICE, size3 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 3.34E-01 unit
propulsion system, LOHC-DFICE, size3* 1 unit
Table S4.118. Life cycle inventory of propulsion system, LOHC-DFICE, size3 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 21.56 MW
market for generator, 200kW electrical 33.6 unit
marine engine, Cl, ICE* 6.72 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 120.9375 unit
LOHC reactor* 24.73 MW H2
SCR* 21.56 MW
electric boiler, 100kW* 4.6 unit
Table S4.119. Life cycle inventory of transport, container ship, HFO-ICE, size4 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, HFO-ICE, size4* 1.51E-11 unit
fuel tank, heavy fuel oil* 1.54E-05 kilogram
market for maintenance, container ship 1.81E-11 unit
heavy fuel oil, very low-sulphur* 6.97E-03 kilogram
urea solution, 40 wt%* 1.27E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 3.35E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.63E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.27E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.23E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 1.12E-06 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.01E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.65E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.97E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.98E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 2.26E-05 kilogram
Table S4.120. Life cycle inventory of container ship production, HFO-ICE, size4 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 4.97E-01 unit
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propulsion system, HFO-ICE, size4* 1 unit

Table S4.121. Life cycle inventory of propulsion system, HFO-ICE, size4 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, CI, ICE* 31.64 MW
market for generator, 200kW electrical 42 unit
marine engine, CI, ICE* 8.4 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 151.3125 unit
SCR* 40.04 MW
market for oil boiler, 100kW 4.8 unit

Table S4.122. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size4 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid H2-PEMFC, size4* 1.50E-11 unit

fuel tank, cryogenic, liquid hydrogen* 4.20E-05 kilogram
market for maintenance, container ship 1.80E-11 unit

liquid hydrogen production* 2.28E-03 kilogram
market group for electricity, low voltage 7.21E-06 kilowatt hour

Table S4.123. Life cycle inventory of container ship production, liquid H.-PEMFC, size4 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 4.97E-01 unit
propulsion system, liquid H2-PEMFC, size4* 1 unit

Table S4.124. Life cycle inventory of propulsion system, liquid H2-PEMFC, size4 (1 unit)

Exchanges Amount Unit

Economic flows

PEMFC* 212.95 MW
market for converter, for electric passenger car 2016.45 kilogram
market for inverter, 500kW 87.1 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 283.40 kilogram
motor drive* 32.95 MW
market for marine electric motor 86.292 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 782.625 unit
electric boiler, 100kW* 4.8 unit
Reliquefaction plant, 1 kg/h capacity* 92.68 unit

Table S4.125. Life cycle inventory of transport, container ship, liquid NH3-SOFC, size4 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid NH3-SOFC, size4* 1.60E-11 unit

fuel tank, cryogenic, liquid ammonia* 1.11E-05 kilogram
market for maintenance, container ship 1.92E-11 unit
ammonia production, liquid* 1.25E-02 kilogram
market group for electricity, low voltage 2.31E-05 kilowatt hour

Environmental flows
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Nitrogen oxides (to air, non-urban air or from high stacks) 1.21E-07 kilogram
Table S4.126. Life cycle inventory of container ship production, liquid NH3-SOFC, size4 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 4.97E-01 unit
propulsion system, liquid NH3-SOFC, size4* 1 unit
Table S4.127. Life cycle inventory of propulsion system, liquid NHs-SOFC, size4 (1 unit)
Exchanges Amount Unit
Economic flows
SOFC* 212.95 MW
market for converter, for electric passenger car 2215.8 kilogram
market for inverter, 500kW 87.1 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 848.94 kilogram
motor drive* 32.95 MW
market for marine electric motor 86.292 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 782.625 unit
electric boiler, T00kW* 4.8 unit
Reliquefaction plant, 1 kg/h capacity* 47.88 unit
Table S4.128. Life cycle inventory of transport, container ship, liquid H>-DFICE, size4 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid H.-DFICE, size4* 1.55E-11 unit
fuel tank, heavy fuel oil* 2.26E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 4.42E-05 kilogram
market for maintenance, container ship 1.85E-11 unit
liquid hydrogen production* 2.40E-03 kilogram
marine gas oil, very low-sulphur* 3.55E-04 kilogram
urea solution, 40 wt%* 1.08E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.66E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 6.51E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.43E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.09E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.89E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 7.23E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 9.66E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.03E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.47E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.18E-06 kilogram
Table S4.129. Life cycle inventory of container ship production, liquid H2-DFICE, size4 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 4.97E-01 unit
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propulsion system, liquid H2-DFICE, size4* 1 unit
Table S4.130. Life cycle inventory of propulsion system, liquid H2-DFICE, size4 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 31.64 MW
market for generator, 200kW electrical 42 unit
marine engine, CI, ICE* 8.4 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 151.3125 unit
SCR* 31.64 MW
electric boiler, 100kW* 4.8 unit
Reliquefaction plant, 1 kg/h capacity* 94.55 unit
Table S4.131. Life cycle inventory of transport, container ship, liquid NH3-DFICE, size4 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid NH3s-DFICE, size4* 1.61E-11 unit
fuel tank, heavy fuel oil* 2.45E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 1.48E-05 kilogram
market for maintenance, container ship 1.94E-11 unit
ammonia production, liquid* 1.67E-02 kilogram
marine gas oil, very low-sulphur* 3.83E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.79E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 7.03E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.20E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.32E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.59E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.53E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.04E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.11E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.75E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.28E-06 kilogram
Table S4.132. Life cycle inventory of container ship production, liquid NH3-DFICE, size4 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 4.97E-01 unit
propulsion system, liquid NH3-DFICE, size4* 1 unit
Table S4.133. Life cycle inventory of propulsion system, liquid NHs-DFICE, size4 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 31.64 MW
market for generator, 200kW electrical 42 unit
marine engine, CI, ICE* 8.4 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 151.3125 unit
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SCR* 40.04 MW

electric boiler, T00kW* 4.8 unit

Reliquefaction plant, 1 kg/h capacity* 63.21 unit
Table S4.134. Life cycle inventory of transport, container ship, MeOH-DFICE, size4 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, MeOH-DFICE, size4* 1.58E-11 unit

fuel tank, heavy fuel oil* 2.29E-07 kilogram

fuel tank, methanol* 1.08E-05 kilogram

market for maintenance, container ship 1.89E-11 unit

methanol production, CO2 from DAC* 1.45E-02 kilogram

marine gas oil, very low-sulphur* 3.58E-04 kilogram

urea solution, 40 wt%* 1.19E-03 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.68E-08 kilogram

Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.69E-04 kilogram

Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.18E-02 kilogram

Nitrogen oxides (to air, non-urban air or from high stacks) 1.29E-04 kilogram

Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.94E-08 kilogram

Ammonia (to air, non-urban air or from high stacks) 9.73E-07 kilogram

NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 8.69E-07 kilogram

non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 4.36E-07 kilogram

Sulfur dioxide (to air, non-urban air or from high stacks) 3.50E-06 kilogram

Formaldehyde (to air, non-urban air or from high stacks) 7.83E-06 kilogram

Particulates, < 2.5 um (to air, non-urban air or from high stacks) 5.02E-06 kilogram
Table S4.135. Life cycle inventory of container ship production, MeOH-DFICE, size4 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 4.97E-01 unit

propulsion system, MeOH-DFICE, size4* 1 unit
Table S4.136. Life cycle inventory of propulsion system, MeOH-DFICE, size4 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 31.64 MW

market for generator, 200kW electrical 42 unit

marine engine, CI, ICE* 8.4 MW

market for control cabinet, heat and power co-generation unit, 160kW electrical 151.3125 unit

SCR* 40.04 MW

electric boiler, T00kW* 4.8 unit
Table S4.137. Life cycle inventory of transport, container ship, LNG-DFICE, size4 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LNG-DFICE, size4 1.49E-11 unit

fuel tank, heavy fuel oil 4.15E-08 kilogram
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fuel tank, LNG 1.31E-05 kilogram
market for maintenance, container ship 1.78E-11 unit
natural gas, liquid 5.60E-03 kilogram
marine gas oil, very low-sulphur 6.49E-05 kilogram
urea solution, 40 wt% 1.04E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.68E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.43E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.53E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.04E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.32E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.91E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.72E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.18E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.35E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.35E-06 kilogram
Table S4.138. Life cycle inventory of container ship production, LNG-DFICE, size4 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 4.97E-01 unit
propulsion system, LNG-DFICE, size4* 1 unit
Table S4.139. Life cycle inventory of propulsion system, LNG-DFICE, size4 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 31.64 MW
market for generator, 200kW electrical 42 unit
marine engine, CI, ICE* 8.4 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 151.3125 unit
SCR* 31.64 MW
market for gas boiler 48 unit
Religuefaction plant, 1 kg/h capacity* 75.24 unit
Table S4.140. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size4 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size4* 1.49E-11 unit
fuel tank, heavy fuel oil* 4.15E-08 kilogram
fuel tank, LNG* 1.31E-05 kilogram
market for maintenance, container ship 1.78E-11 unit
natural gas, liquid, woody biomass* 5.60E-03 kilogram
marine gas oil, very low-sulphur* 6.49E-05 kilogram
urea solution, 40 wt%* 1.04E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.68E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.43E-05 kilogram
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Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.53E-02 kilogram

Nitrogen oxides (to air, non-urban air or from high stacks) 1.04E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.32E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.91E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.72E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.18E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.35E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.35E-06 kilogram

Table S4.141. Life cycle inventory of transport, container ship, LOHC-SOFC, size4 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LOHC-SOFC, size4* 2.00E-11 unit

fuel tank, heavy fuel oil* 2.27E-05 kilogram
market for maintenance, container ship 2.40E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*  2.43E-03 kilogram
market group for electricity, low voltage 2.88E-05 kilowatt hour

Table S4.142. Life cycle inventory of container ship production, LOHC-SOFC, size4 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 4.97E-01 unit
propulsion system, LOHC-SOFC, size4* 1 unit

Table S4.143. Life cycle inventory of propulsion system, LOHC-SOFC, size4 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC* 212.95 MW
market for converter, for electric passenger car 2215.8 kilogram
market for inverter, 500kW 87.1 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 848.936 kilogram
motor drive* 32.95 MW
market for marine electric motor 86.292 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 782.625 unit
LOHC reactor* 27.39 MW H2
electric boiler, T00kW* 4.8 unit

Table S4.144. Life cycle inventory of transport, container ship, LOHC-DFICE, size4 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LOHC-DFICE, size4* 2.14E-11 unit

fuel tank, heavy fuel oil* 3.11E-07 kilogram
fuel tank, heavy fuel oil* 3.08E-05 kilogram
market for maintenance, container ship 2.57E-11 unit

dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*  3.29E-03 kilogram
marine gas oil, very low-sulphur* 4.86E-04 kilogram
urea solution, 40 wt%* 1.50E-03 kilogram
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Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 2.28E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 8.94E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.97E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.50E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 8.08E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.00E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.33E-06 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.41E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.76E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0.00E+00 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.62E-06 kilogram

Table S4.145. Life cycle inventory of container ship production, LOHC-DFICE, size4 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 4.97E-01 unit
propulsion system, LOHC-DFICE, size4* 1 unit

Table S4.146. Life cycle inventory of propulsion system, LOHC-DFICE, size4 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 31.64 MW
market for generator, 200kW electrical 42 unit
marine engine, Cl, ICE* 8.4 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 151.3125 unit
LOHC reactor* 36.46 MW H:
SCR* 31.64 MW
electric boiler, 100kW* 4.8 unit

Table S4.147. Life cycle inventory of transport, container ship, HFO-ICE, size5 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, HFO-ICE, size5* 8.42E-12 unit
fuel tank, heavy fuel oil* 1.17E-05 kilogram
market for maintenance, container ship 1.54E-11 unit
heavy fuel oil, very low-sulphur* 6.32E-03 kilogram
urea solution, 40 wt%* 1.17E-03 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 3.04E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.29E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 2.06E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.13E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 1.01E-06 kilogram
Ammonia (to air, non-urban air or from high stacks) 9.15E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.49E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.78E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 6.33E-05 kilogram
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Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram

Particulates, <2.5 um (to air, non-urban air or from high stacks) 2.05E-05 kilogram

Table S4.148. Life cycle inventory of container ship production, HFO-ICE, size5 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, HFO-ICE, size5* 1 unit

Table S4.149. Life cycle inventory of propulsion system, HFO-ICE, size5 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, CI, ICE* 54.9 MW
market for generator, 200kW electrical 58 unit
marine engine, CI, ICE* 11.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 208.6875 unit
SCR* 66.5 MW
market for oil boiler, 100kW 5.9 unit

Table §4.150. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size5 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid H2-PEMFC, size5* 8.41E-12 unit

fuel tank, cryogenic, liquid hydrogen* 3.80E-05 kilogram
market for maintenance, container ship 1.54E-11 unit

liquid hydrogen production* 2.07E-03 kilogram
market group for electricity, low voltage 6.75E-06 kilowatt hour

Table S4.151. Life cycle inventory of container ship production, liquid H>-PEMFC, size5 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, liquid H>-PEMFC, size5* 1 unit

Table S4.152. Life cycle inventory of propulsion system, liquid H>-PEMFC, size5 (1 unit)

Exchanges Amount Unit

Economic flows

PEMFC* 353.35 MW
market for converter, for electric passenger car 3346.2 kilogram
market for inverter, 500kW 119.4 unit
motor drive* 57.17 MW
market for marine electric motor 149.742 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1298.625 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 471.06 kilogram
electric boiler, 1T00kW* 5.9 unit
Reliquefaction plant, 1 kg/h capacity* 149.31 unit

Table S4.153. Life cycle inventory of transport, container ship, liquid NH3-SOFC, size5 (1 t-nm)

Exchanges Amount Unit
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Economic flows

container ship production, liquid NH3-SOFC, size5* 9.16E-12 unit
fuel tank, cryogenic, liquid ammonia* 1.13E-05 kilogram
market for maintenance, container ship 1.68E-11 unit
ammonia production, liquid* 1.28E-02 kilogram
market group for electricity, low voltage 2.20E-05 kilowatt hour
Environmental flows
Nitrogen oxides (to air, non-urban air or from high stacks) 1.23E-07 kilogram
Table S4.154. Life cycle inventory of container ship production, liquid NH3-SOFC, size5 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, liquid NH3-SOFC, size5* 1 unit
Table S4.155. Life cycle inventory of propulsion system, liquid NH3-SOFC, size5 (1 unit)
Exchanges Amount Unit
Economic flows
SOFC* 353.35 MW
market for converter, for electric passenger car 3676.95 kilogram
market for inverter, 500kW 119.4 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 1409.36 kilogram
motor drive* 57.17 MW
market for marine electric motor 149.742 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1298.625 unit
electric boiler, T00kW* 5.9 unit
Reliquefaction plant, 1 kg/h capacity* 84.9 unit
Table S4.156. Life cycle inventory of transport, container ship, liquid H>-DFICE, size5 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid H2-DFICE, size5* 8.70E-12 unit
fuel tank, heavy fuel oil* 2.06E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 4.02E-05 kilogram
market for maintenance, container ship 1.59E-11 unit
liquid hydrogen production* 2.19E-03 kilogram
marine gas oil, very low-sulphur* 3.24E-04 kilogram
urea solution, 40 wt%* 1.02E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.52E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.95E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.32E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.02E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.38E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.84E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 8.83E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 9.39E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.17E-06 kilogram
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Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.08E-06 kilogram
Table S4.157. Life cycle inventory of container ship production, liquid H2-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, liquid H2-DFICE, size5* 1 unit
Table S4.158. Life cycle inventory of propulsion system, liquid H2-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 54.9 MW
market for generator, 200kW electrical 58 unit
marine engine, CI, ICE* 11.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 208.6875 unit
SCR* 54.9 MW
electric boiler, 100kW* 5.9 unit
Reliquefaction plant, 1 kg/h capacity* 152.77 unit
Table S§4.159. Life cycle inventory of transport, container ship, liquid NHs-DFICE, size5 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid NH3-DFICE, size5* 9.11E-12 unit
fuel tank, heavy fuel oil* 2.23E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 1.35E-05 kilogram
market for maintenance, container ship 1.67E-11 unit
ammonia production, liquid* 1.53E-02 kilogram
marine gas oil, very low-sulphur* 3.50E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.64E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 6.44E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.10E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.22E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.12E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.40E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 9.54E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.02E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.43E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.17E-06 kilogram
Table S4.160. Life cycle inventory of container ship production, liquid NH3-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, liquid NHs-DFICE, size5* 1 unit

Table S4.161. Life cycle inventory of propulsion system, liquid NH3-DFICE, size5 (1 unit)
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Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 54.9 MW
market for generator, 200kW electrical 58 unit
marine engine, CI, ICE* 11.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 208.6875 unit
SCR* 66.5 MW
electric boiler, 100kW* 5.9 unit
Reliquefaction plant, 1 kg/h capacity* 102.13 unit
Table S4.162. Life cycle inventory of transport, container ship, MeOH-DFICE, size5 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, MeOH-DFICE, size5 8.89E-12 unit
fuel tank, heavy fuel oil 2.08E-07 kilogram
fuel tank, methanol 9.79E-06 kilogram
market for maintenance, container ship 1.63E-11 unit
methanol production, CO2 from DAC 1.32E-02 kilogram
marine gas oil, very low-sulphur 3.27E-04 kilogram
urea solution, 40 wt% 1.12E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.53E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.55E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.99E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.19E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.43E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.90E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 7.94E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 3.99E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.20E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 7.16E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 4.59E-06 kilogram
Table S4.163. Life cycle inventory of container ship production, MeOH-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, MeOH-DFICE, size5* 1 unit
Table S4.164. Life cycle inventory of propulsion system, MeOH-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 54.9 MW
market for generator, 200kW electrical 58 unit
marine engine, CI, ICE* 11.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 208.6875 unit
SCR* 66.5 MW
electric boiler, T00kW* 5.9 unit
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Table S4.165. Life cycle inventory of transport, container ship, LNG-DFICE, size5 (1 t-nm)

Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size5* 8.34E-12 unit
fuel tank, heavy fuel oil* 3.76E-08 kilogram
fuel tank, LNG* 1.19E-05 kilogram
market for maintenance, container ship 1.53E-11 unit
natural gas, liquid* 5.10E-03 kilogram
marine gas oil, very low-sulphur* 5.91E-05 kilogram
urea solution, 40 wt%* 9.78E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.53E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.04E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.40E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 9.76E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.85E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.52E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.57E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.07E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 5.79E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.23E-06 kilogram
Table S4.166. Life cycle inventory of container ship production, LNG-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, LNG-DFICE, size5* 1 unit
Table S4.167. Life cycle inventory of propulsion system, LNG-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 54.9 MW
market for generator, 200kW electrical 58 unit
marine engine, Cl, ICE* 11.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 208.6875 unit
SCR* 54.9 MW
market for gas boiler 59 unit
Religuefaction plant, 1 kg/h capacity* 121.57 unit
Table S4.168. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size5 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size5* 8.34E-12 unit
fuel tank, heavy fuel oil* 3.76E-08 kilogram
fuel tank, LNG* 1.19E-05 kilogram
market for maintenance, container ship 1.53E-11 unit
natural gas, liquid, woody biomass* 5.10E-03 kilogram
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marine gas oil, very low-sulphur* 5.91E-05 kilogram

urea solution, 40 wt%* 9.78E-04 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.53E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.04E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.40E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 9.76E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.85E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.52E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.57E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.07E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 5.79E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.23E-06 kilogram

Table S4.169. Life cycle inventory of transport, container ship, LOHC-SOFC, size5 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LOHC-SOFC, size5* 1.19E-11 unit

fuel tank, heavy fuel oil* 2.41E-05 kilogram
market for maintenance, container ship 2.18E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*  2.58E-03 kilogram
market group for electricity, low voltage 2.87E-05 kilowatt hour

Table S4.170. Life cycle inventory of container ship production, LOHC-SOFC, size5 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, LOHC-SOFC, size5* 1 unit

Table S4.171. Life cycle inventory of propulsion system, LOHC-SOFC, size5 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC* 353.35 MW
market for converter, for electric passenger car 3676.95 kilogram
market for inverter, 500kW 119.4 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 1409.362 kilogram
motor drive* 57.17 MW
market for marine electric motor 149.742 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1298.625 unit
LOHC reactor* 46.5 MW H2
electric boiler, 100kW* 5.9 unit

Table S4.172. Life cycle inventory of transport, container ship, LOHC-DFICE, size5 (1 t-nm)

Exchanges Amount Unit

Economic flows
container ship production, LOHC-DFICE, size5* 1.23E-11 unit
fuel tank, heavy fuel oil* 2.89E-07 kilogram
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fuel tank, heavy fuel oil* 2.86E-05 kilogram
market for maintenance, container ship 2.25E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*  3.06E-03 kilogram
marine gas oil, very low-sulphur* 4.53E-04 kilogram
urea solution, 40 wt%* 1.44E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.12E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 8.32E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.85E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.44E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.52E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 9.67E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.23E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.31E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.44E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0.00E+00 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.51E-06 kilogram
Table S4.173. Life cycle inventory of container ship production, LOHC-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 7.58E-01 unit
propulsion system, LOHC-DFICE, size5* 1 unit
Table S4.174. Life cycle inventory of propulsion system, LOHC-DFICE, size5 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 54.9 MW
market for generator, 200kW electrical 58 unit
marine engine, Cl, ICE* 11.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 208.6875 unit
LOHC reactor* 56.41 MW H:
SCR* 54.9 MW
electric boiler, 100kW* 5.9 unit
Table S4.175. Life cycle inventory of transport, container ship, HFO-ICE, size6 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, HFO-ICE, size6* 5.93E-12 unit
fuel tank, heavy fuel oil* 9.25E-06 kilogram
market for maintenance, container ship 1.59E-11 unit
heavy fuel oil, very low-sulphur* 4.75E-03 kilogram
urea solution, 40 wt%* 8.64E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 2.29E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.48E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.55E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 8.38E-05 kilogram
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Dinitrogen monoxide (to air, non-urban air or from high stacks) 7.62E-07 kilogram

Ammonia (to air, non-urban air or from high stacks) 6.87E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.12E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.34E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.76E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.54E-05 kilogram

Table S4.176. Life cycle inventory of container ship production, HFO-ICE, size6 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1.11 unit

propulsion system, HFO-ICE, size6* 1 unit

Table S4.177. Life cycle inventory of propulsion system, HFO-ICE, size6 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, CI, ICE* 58.1 MW
market for generator, 200kW electrical 73 unit
marine engine, CI, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW 262.875 unit
electrical

SCR* 72.7 MW
market for oil boiler, T00kW 6.2 unit

Table S4.178. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size6 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid H2-PEMFC, size6* 6.11E-12 unit

fuel tank, cryogenic, liquid hydrogen* 5.30E-05 kilogram
market for maintenance, container ship 1.64E-11 unit

liquid hydrogen production* 1.61E-03 kilogram
market group for electricity, low voltage 2.98E-06 kilowatt hour

Table S4.179. Life cycle inventory of container ship production, liquid H>-PEMFC, size6 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1.11 unit
propulsion system, liquid H>-PEMFC, size6* 1 unit

Table S4.180. Life cycle inventory of propulsion system, liquid H>-PEMFC, size6 (1 unit)

Exchanges Amount Unit

Economic flows

PEMFC* 385.6 MW
market for converter, for electric passenger car 3651.3 kilogram
market for inverter, 500kW 1491 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 513.19 kilogram
motor drive* 60.51 MW
market for marine electric motor 158.46 unit
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market for control cabinet, heat and power co-generation unit, 160kW electrical 1416.94 unit

electric boiler, 100kW* 6.2 unit

Reliquefaction plant, 1 kg/h capacity* 284.6 unit
Table S4.181. Life cycle inventory of transport, container ship, liquid NH3-SOFC, size6 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid NH3s-SOFC, size6* 6.61E-12 unit

fuel tank, cryogenic, liquid ammonia* 1.57E-05 kilogram

market for maintenance, container ship 1.77E-11 unit

ammonia production, liquid* 9.89E-03 kilogram

market group for electricity, low voltage 9.65E-06 kilowatt hour

Environmental flows

Nitrogen oxides 9.52E-08 kilogram
Table S4.182. Life cycle inventory of container ship production, liquid NH3-SOFC, size6 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.1 unit

propulsion system, liquid NH3-SOFC, size6* 1 unit
Table S4.183. Life cycle inventory of propulsion system, liquid NHs-SOFC, size6 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC* 385.6 MW

market for converter, for electric passenger car 4012.65 kilogram

market for inverter, 500kW 149.1 unit

market for battery, Li-ion, NMC111, rechargeable, prismatic 1538.30 kilogram

motor drive* 60.51 MW

market for marine electric motor 158.46 unit

market for control cabinet, heat and power co-generation unit, 160kW electrical 1416.94 unit

electric boiler, T00kW* 6.2 unit

Religuefaction plant, 1 kg/h capacity* 163.46 unit
Table S4.184. Life cycle inventory of transport, container ship, liquid H>-DFICE, size6 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid H>-DFICE, size6 6.30E-12 unit

fuel tank, heavy fuel oil 2.88E-07 kilogram

fuel tank, cryogenic, liquid hydrogen 5.62E-05 kilogram

market for maintenance, container ship 1.69E-11 unit

liquid hydrogen production 1.71E-03 kilogram

marine gas oil, very low-sulphur 2.53E-04 kilogram

urea solution, 40 wt% 7.45E-04 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.18E-08 kilogram

Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.65E-06 kilogram

Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.02E-03 kilogram

Nitrogen oxides (to air, non-urban air or from high stacks) 7.58E-05 kilogram
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Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.20E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 5.00E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 6.89E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 7.33E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.48E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 8.43E-07 kilogram
Table S4.185. Life cycle inventory of container ship production, liquid H>-DFICE, size6 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.1 unit
propulsion system, liquid H2-DFICE, size6* 1 unit
Table S4.186. Life cycle inventory of propulsion system, liquid H>-DFICE, size6 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 58.1 MW
market for generator, 200kW electrical 73 unit
marine engine, CI, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
SCR* 58.1 MW
electric boiler, T00kW* 6.2 unit
Reliquefaction plant, 1 kg/h capacity* 292.48 unit
Table S4.187. Life cycle inventory of transport, container ship, liquid NHs-DFICE, size6 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid NH3-DFICE, size6* 6.70E-12 unit
fuel tank, heavy fuel oil* 3.14E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 1.90E-05 kilogram
market for maintenance, container ship 1.79E-11 unit
ammonia production, liquid* 1.20E-02 kilogram
marine gas oil, very low-sulphur* 2.75E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.29E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.06E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 8.66E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 9.47E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.02E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 1.10E-06 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 7.49E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 7.98E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.69E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 9.17E-07 kilogram

Table S4.188. Life cycle inventory of container ship production, liquid NH3-DFICE, size6 (1 unit)

229



Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.1 unit
propulsion system, liquid NHs-DFICE, size6* 1 unit
Table S4.189. Life cycle inventory of propulsion system, liquid NHs-DFICE, size6 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 58.1 MW
market for generator, 200kW electrical 73 unit
marine engine, CI, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
SCR* 72.7 MW
electric boiler, 100kW* 6.2 unit
Reliquefaction plant, 1 kg/h capacity* 195.54 unit
Table S4.190. Life cycle inventory of transport, container ship, MeOH-DFICE, size6 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, MeOH-DFICE, size6* 6.48E-12 unit
fuel tank, heavy fuel oil* 2.91E-07 kilogram
fuel tank, methanol* 1.37E-05 kilogram
market for maintenance, container ship 1.73E-11 unit
methanol production, CO2 from DAC* 1.03E-02 kilogram
marine gas oil, very low-sulphur* 2.55E-04 kilogram
urea solution, 40 wt%* 8.35E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.19E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.20E-04 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.55E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 9.16E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.23E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.92E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 6.18E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 3.11E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.49E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 5.57E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 3.57E-06 kilogram
Table S4.191. Life cycle inventory of container ship production, MeOH-DFICE, size6 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.11 unit
propulsion system, MeOH-DFICE, size6* 1 unit
Table S4.192. Life cycle inventory of propulsion system, MeOH-DFICE, size6 (1 unit)
Exchanges Amount Unit

Economic flows
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marine engine, CI, ICE* 58.1 MW
market for generator, 200kW electrical 73 unit
marine engine, Cl, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
SCR* 72.7 MW
electric boiler, T00kW* 6.2 unit
Table S4.193. Life cycle inventory of transport, container ship, LNG-DFICE, size6 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size6* 5.95E-12 unit
fuel tank, heavy fuel oil* 5.16E-08 kilogram
fuel tank, LNG* 1.63E-05 kilogram
market for maintenance, container ship 1.59E-11 unit
natural gas, liquid* 3.90E-03 kilogram
marine gas oil, very low-sulphur* 4.52E-05 kilogram
urea solution, 40 wt%* 7.04E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.17E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.08E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.07E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.13E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.71E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.70E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.20E-05 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 8.20E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.42E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 9.43E-07 kilogram
Table S4.194. Life cycle inventory of container ship production, LNG-DFICE, size6 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.1 unit
propulsion system, LNG-DFICE, size6* 1 unit
Table S4.195. Life cycle inventory of propulsion system, LNG-DFICE, size6 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 58.1 MW
market for generator, 200kW electrical 73 unit
marine engine, Cl, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
SCR* 58.1 MW
market for gas boiler* 62 unit
Reliquefaction plant, 1 kg/h capacity* 232.74 unit

Table S4.196. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size6 (1 t-nm)
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Exchanges Amount Unit

Economic flows

container ship production, LNG-DFICE, size6 5.95E-12 unit

fuel tank, heavy fuel oil 5.16E-08 kilogram
fuel tank, LNG 1.63E-05 kilogram
market for maintenance, container ship 1.59E-11 unit
natural gas, liquid, woody biomass 3.90E-03 kilogram
marine gas oil, very low-sulphur 4.52E-05 kilogram
urea solution, 40 wt% 7.04E-04 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.17E-04 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.08E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.07E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.13E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.71E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.70E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.20E-05 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 8.20E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 4.42E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 9.43E-07 kilogram

Table S4.197. Life cycle inventory of transport, container ship, LOHC-SOFC, size6 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LOHC-SOFC, size6* 9.46E-12 unit

fuel tank, heavy fuel oil* 3.67E-05 kilogram
market for maintenance, container ship 2.53E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing 2.19E-03 kilogram
hydrogen*

market group for electricity, low voltage 1.38E-05 kilowatt hour

Table S4.198. Life cycle inventory of container ship production, LOHC-SOFC, size6 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1.11 unit
propulsion system, LOHC-SOFC, size6* 1 unit

Table S4.199. Life cycle inventory of propulsion system, LOHC-SOFC, size6 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC* 385.6 MW
market for converter, for electric passenger car 4012.65 kilogram
market for inverter, 500kW 149.1 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 1538.298 kilogram
motor drive* 60.51 MW
market for marine electric motor 158.463 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1416.9375 unit
LOHC reactor* 49.36 MW H
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electric boiler, 100kW* 6.2 unit
Table S4.200. Life cycle inventory of transport, container ship, LOHC-DFICE, size6 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LOHC-DFICE, size6* 1.02E-11 unit
fuel tank, heavy fuel oil* 4.56E-07 kilogram
fuel tank, heavy fuel oil* 4.52E-05 kilogram
market for maintenance, container ship 2.72E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing 2.70E-03 kilogram
hydrogen*
marine gas oil, very low-sulphur* 3.99E-04 kilogram
urea solution, 40 wt%* 1.20E-03 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.87E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 7.34E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.61E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 1.22E-04 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 6.63E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.05E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 1.09E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.16E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.91E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0.00E+00 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.33E-06 kilogram
Table §4.201. Life cycle inventory of container ship production, LOHC-DFICE, size6 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.11 unit
propulsion system, LOHC-DFICE, size6* 1 unit
Table S4.202. Life cycle inventory of propulsion system, LOHC-DFICE, size6 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 58.1 MW
market for generator, 200kW electrical 73 unit
marine engine, Cl, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
LOHC reactor* 59.54 MW H2
SCR* 58.1 MW
electric boiler, 100kW* 6.2 unit
Table §4.203. Life cycle inventory of transport, container ship, HFO-ICE, size7 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, HFO-ICE, size7* 5.00E-12 unit
fuel tank, heavy fuel oil* 7.56E-06 kilogram
market for maintenance, container ship 1.71E-11 unit

233



heavy fuel oil, very low-sulphur* 3.65E-03 kilogram
urea solution, 40 wt%* 6.60E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.75E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.90E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.19E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 6.41E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.84E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 5.27E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 8.62E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.03E-06 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.65E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.18E-05 kilogram
Table S4.204. Life cycle inventory of container ship production, HFO-ICE, size7 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.42 unit
propulsion system, HFO-ICE, size7* 1 unit
Table §4.205. Life cycle inventory of propulsion system, HFO-ICE, size7 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 59.78 MW
market for generator, 200kW electrical 73 unit
marine engine, CI, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
SCR* 74.38 MW
market for oil boiler, T00kW 6.3 unit
Table §4.206. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size7 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid H>-PEMFC, size7* 5.14E-12 unit
fuel tank, cryogenic, liquid hydrogen* 4.94E-05 kilogram
market for maintenance, container ship 1.76E-11 unit
liquid hydrogen production* 1.24E-03 kilogram
market group for electricity, low voltage 2.11E-06 kilowatt hour

Table S4.207. Life cycle inventory of container ship production, liquid H>-PEMFC, size7 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.42 unit

propulsion system, liquid H2-PEMFC, size7* 1 unit
Table S4.208. Life cycle inventory of propulsion system, liquid H>-PEMFC, size7 (1 unit)

Exchanges Amount Unit
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Economic flows

PEMFC* 394.55 MW
market for converter, for electric passenger car 3736.35 kilogram
market for inverter, 500kW 149.2 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 525.96 kilogram
motor drive* 62.26 MW
market for marine electric motor 163.053 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1449.9375 unit
electric boiler, 100kW* 6.3 unit
Reliquefaction plant, 1 kg/h capacity* 314.92 unit

Table S4.2009. Life cycle inventory of transport, container ship, liquid NH3-SOFC, size7 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid NHs-SOFC, size7* 5.42E-12 unit

fuel tank, cryogenic, liquid ammonia* 1.36E-05 kilogram
market for maintenance, container ship 1.86E-11 unit
ammonia production, liquid* 7.07E-03 kilogram
market group for electricity, low voltage 6.68E-06 kilowatt hour

Environmental flows

Nitrogen oxides (to air, non-urban air or from high stacks) 6.81E-08 kilogram

Table S4.210. Life cycle inventory of container ship production, liquid NH3-SOFC, size7 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1.42 unit
propulsion system, liquid NH3-SOFC, size7* 1 unit

Table S4.211. Life cycle inventory of propulsion system, liquid NH3-SOFC, size7 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC 394.55 MW
market for converter, for electric passenger car 4105.8 kilogram
market for inverter, 500kW 149.2 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 1574.04 kilogram
motor drive* 62.26 MW
market for marine electric motor 163.053 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1449.9375 unit
electric boiler, T00kW* 6.3 unit
Religuefaction plant, 1 kg/h capacity* 172.97 unit

Table S4.212. Life cycle inventory of transport, container ship, liquid H>-DFICE, size7 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid H2-DFICE, size7 5.26E-12 unit
fuel tank, heavy fuel oil 2.67E-07 kilogram
fuel tank, cryogenic, liquid hydrogen 5.21E-05 kilogram
market for maintenance, container ship 1.81E-11 unit
heavy fuel oil, very low-sulphur 0 kilogram
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liquid hydrogen production 1.31E-03 kilogram
marine gas oil, very low-sulphur 1.93E-04 kilogram
market group for electricity, low voltage 0 kilowatt hour
urea solution, 40 wt% 5.60E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 9.04E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.55E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 7.72E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 5.71E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.20E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 3.75E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 5.26E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 5.59E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 1.89E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 6.43E-07 kilogram
Table S4.213. Life cycle inventory of container ship production, liquid H>-DFICE, size7 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.42 unit
propulsion system, liquid H2-DFICE, size7* 1 unit
Table S4.214. Life cycle inventory of propulsion system, liquid H>-DFICE, size7 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 59.78 MW
market for generator, 200kW electrical 73 unit
marine engine, Cl, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
SCR* 59.78 MW
electric boiler, 100kW 6.3 unit
Religuefaction plant, 1 kg/h capacity* 323.6 unit
Table §4.215. Life cycle inventory of transport, container ship, liquid NHs-DFICE, size7 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid NH3-DFICE, size7* 5.53E-12 unit
fuel tank, heavy fuel oil* 2.87E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 1.74E-05 kilogram
market for maintenance, container ship 1.90E-11 unit
ammonia production, liquid* 9.02E-03 kilogram
marine gas oil, very low-sulphur* 2.07E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 9.69E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.80E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 6.52E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 7.10E-05 kilogram
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Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.02E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 8.27E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 5.64E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 6.00E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.03E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 6.90E-07 kilogram
Table S4.216. Life cycle inventory of container ship production, liquid NH3-DFICE, size7 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.42 unit
propulsion system, liquid NH3-DFICE, size7* 1 unit
Table S4.217. Life cycle inventory of propulsion system, liquid NH3s-DFICE, size7 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 59.78 MW
market for generator, 200kW electrical 73 unit
marine engine, Cl, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
SCR* 74.38 MW
electric boiler, 100kW* 6.3 unit
Reliquefaction plant, 1 kg/h capacity* 216.35 unit
Table §4.218. Life cycle inventory of transport, container ship, MeOH-DFICE, size7 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, MeOH-DFICE, size7* 5.39E-12 unit
fuel tank, heavy fuel oil* 2.67E-07 kilogram
fuel tank, methanol* 1.26E-05 kilogram
market for maintenance, container ship 1.85E-11 unit
methanol production, CO, from DAC* 7.78E-03 kilogram
marine gas oil, very low-sulphur* 1.93E-04 kilogram
urea solution, 40 wt%* 6.26E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 9.02E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 9.10E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.17E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 6.91E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.20E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 5.23E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 4.68E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 2.35E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 1.89E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 4.22E-06 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 2.70E-06 kilogram
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Table S4.219. Life cycle inventory of container ship production, MeOH-DFICE, size7 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.42 unit

propulsion system, MeOH-DFICE, size7* 1 unit
Table S4.220. Life cycle inventory of propulsion system, MeOH-DFICE, size7 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 59.78 MW

market for generator, 200kW electrical 73 unit

marine engine, Cl, ICE* 14.6 MW

market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit

SCR* 74.38 MW

electric boiler, T00kW* 6.3 unit
Table S4.221. Life cycle inventory of transport, container ship, LNG-DFICE, size7 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LNG-DFICE, size7 5.02E-12 unit

fuel tank, heavy fuel oil 4.82E-08 kilogram

fuel tank, LNG 1.52E-05 kilogram

market for maintenance, container ship 1.72E-11 unit

natural gas, liquid 3.00E-03 kilogram

marine gas oil, very low-sulphur 3.48E-05 kilogram

urea solution, 40 wt% 5.34E-04 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 9.00E-05 kilogram

Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.37E-05 kilogram

Carbon dioxide, fossil (to air, non-urban air or from high stacks) 8.21E-03 kilogram

Nitrogen oxides (to air, non-urban air or from high stacks) 5.43E-05 kilogram

Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.85E-07 kilogram

Ammonia (to air, non-urban air or from high stacks) 3.56E-07 kilogram

NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 9.20E-06 kilogram

non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 6.31E-08 kilogram

Sulfur dioxide (to air, non-urban air or from high stacks) 3.40E-07 kilogram

Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram

Particulates, < 2.5 um (to air, non-urban air or from high stacks) 7.25E-07 kilogram
Table S4.222. Life cycle inventory of container ship production, LNG-DFICE, size7 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.42 unit

propulsion system, LNG-DFICE, size7* 1 unit
Table S4.223. Life cycle inventory of propulsion system, LNG-DFICE, size7 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, CI, ICE* 59.78 MW
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market for generator, 200kW electrical 73 unit

marine engine, CI, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
SCR* 59.78 MW
market for gas boiler 63 unit
Reliquefaction plant, 1 kg/h capacity* 257.49 unit

Table S4.224. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size7 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LNG-DFICE, size7* 5.02E-12 unit

fuel tank, heavy fuel oil* 4.82E-08 kilogram
fuel tank, LNG* 1.52E-05 kilogram
market for maintenance, container ship 1.72E-11 unit
natural gas, liquid, woody biomass™* 3.00E-03 kilogram
marine gas oil, very low-sulphur* 3.48E-05 kilogram
urea solution, 40 wt%* 5.34E-04 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 9.00E-05 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.37E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 8.21E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 5.43E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.85E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 3.56E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 9.20E-06 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 6.31E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 3.40E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 7.25E-07 kilogram

Table S4.225. Life cycle inventory of transport, container ship, LOHC-SOFC, size7 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LOHC-SOFC, size7* 7.05E-12 unit

fuel tank, heavy fuel oil* 2.90E-05 kilogram
market for maintenance, container ship 2.42E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*  1.42E-03 kilogram
market group for electricity, low voltage 8.68E-06 kilowatt hour

Table S4.226. Life cycle inventory of container ship production, LOHC-SOFC, size7 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1.42 unit
propulsion system, LOHC-SOFC, size7* 1 unit

Table S4.227. Life cycle inventory of propulsion system, LOHC-SOFC, size7 (1 unit)

Exchanges Amount Unit

Economic flows
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SOFC* 394.55 MW
market for converter, for electric passenger car 4105.8 kilogram
market for inverter, 500kW 149.2 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 1574.043 kilogram
motor drive* 62.26 MW
market for marine electric motor 163.053 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical  1449.9375 unit
LOHC reactor* 45.61 MW H2
electric boiler, 100kW* 6.3 unit
Table S4.228. Life cycle inventory of transport, container ship, LOHC-DFICE, size7 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LOHC-DFICE, size7* 7.62E-12 unit
fuel tank, heavy fuel oil* 3.78E-07 kilogram
fuel tank, heavy fuel oil* 3.75E-05 kilogram
market for maintenance, container ship 2.61E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*  1.84E-03 kilogram
marine gas oil, very low-sulphur* 2.73E-04 kilogram
urea solution, 40 wt%* 8.10E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.28E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 5.01E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.10E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 8.22E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.53E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 5.43E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 7.43E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 7.91E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.67E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0.00E+00 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 9.09E-07 kilogram
Table §4.229. Life cycle inventory of container ship production, LOHC-DFICE, size7 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.42 unit
propulsion system, LOHC-DFICE, size7* 1 unit
Table §4.230. Life cycle inventory of propulsion system, LOHC-DFICE, size7 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 59.78 MW
market for generator, 200kW electrical 73 unit
marine engine, Cl, ICE* 14.6 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 262.875 unit
LOHC reactor* 57.52 MW H:
SCR* 59.78 MW
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electric boiler, 100kW* 6.3 unit
Table S4.231. Life cycle inventory of transport, container ship, HFO-ICE, size8 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, HFO-ICE, size8 3.48E-12 unit

fuel tank, heavy fuel oil 6.69E-06 kilogram

market for maintenance, container ship 1.51E-11 unit

heavy fuel oil, very low-sulphur 3.14E-03 kilogram

urea solution, 40 wt% 5.69E-04 kilogram

Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.51E-07 kilogram

Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.64E-05 kilogram

Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.02E-02 kilogram

Nitrogen oxides (to air, non-urban air or from high stacks) 5.52E-05 kilogram

Dinitrogen monoxide (to air, non-urban air or from high stacks) 5.04E-07 kilogram

Ammonia (to air, non-urban air or from high stacks) 4.54E-07 kilogram

NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 7.43E-06 kilogram

non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 8.87E-07 kilogram

Sulfur dioxide (to air, non-urban air or from high stacks) 3.15E-05 kilogram

Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram

Particulates, < 2.5 um (to air, non-urban air or from high stacks) 1.02E-05 kilogram
Table S4.232. Life cycle inventory of container ship production, HFO-ICE, size8 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.80 unit

propulsion system, HFO-ICE, size8* 1 unit
Table S4.233. Life cycle inventory of propulsion system, HFO-ICE, size8 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 59.78 MW

market for generator, 200kW electrical 90 unit

marine engine, CI, ICE* 18 MW

market for control cabinet, heat and power co-generation unit, 160kW electrical 324 unit

SCR* 77.78 MW

market for oil boiler, T00kW 6.3 unit
Table §4.234. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size8 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid H2-PEMFC, size8* 3.58E-12 unit

fuel tank, cryogenic, liquid hydrogen* 4.23E-05 kilogram

market for maintenance, container ship 1.55E-11 unit

liquid hydrogen production* 1.06E-03 kilogram

market group for electricity, low voltage 1.54E-06 kilowatt hour

Table S4.235. Life cycle inventory of container ship production, liquid H>-PEMFC, size8 (1 unit)
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Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.80 unit

propulsion system, liquid H2-PEMFC, size8* 1 unit
Table S4.236. Life cycle inventory of propulsion system, liquid H>-PEMFC, size8 (1 unit)

Exchanges Amount Unit

Economic flows

PEMFC* 411.55 MW

market for converter, for electric passenger car 3897.45 kilogram

market for inverter, 500kW 182.5 unit

market for battery, Li-ion, NMC111, rechargeable, prismatic 548.94 kilogram

motor drive* 62.26 MW

market for marine electric motor 163.053 unit

market for control cabinet, heat and power co-generation unit, 160kW 1512.5625 unit

electrical

electric boiler, 100kW* 6.3 unit

Reliquefaction plant, 1 kg/h capacity* 387.83 unit
Table S4.237. Life cycle inventory of transport, container ship, liquid NH3-SOFC, size8 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, liquid NH3-SOFC, size8* 3.76E-12 unit

fuel tank, cryogenic, liquid ammonia* 1.19E-05 kilogram

market for maintenance, container ship 1.63E-11 unit

ammonia production, liquid* 6.22E-03 kilogram

market group for electricity, low voltage 4.83E-06 kilowatt hour

Environmental flows

Nitrogen oxides um (to air, non-urban air or from high stacks) 5.99E-08 kilogram
Table S4.238. Life cycle inventory of container ship production, liquid NH3-SOFC, size8 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.80 unit

propulsion system, liquid NH3-SOFC, size8* 1 unit
Table S4.239. Life cycle inventory of propulsion system, liquid NH3-SOFC, size8 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC* 411.55 MW

market for converter, for electric passenger car 4282.65 kilogram

market for inverter, 500kW 182.5 unit

market for battery, Li-ion, NMC111, rechargeable, prismatic 1641.70 kilogram

motor drive* 62.26 MW

market for marine electric motor 163.053 unit

market for control cabinet, heat and power co-generation unit, 160kW electrical 1512.5625 unit

electric boiler, T00kW* 6.3 unit

Religuefaction plant, 1 kg/h capacity* 219.22 unit

Table S4.240. Life cycle inventory of transport, container ship, liquid H>-DFICE, size8 (1 t-nm)
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Exchanges Amount Unit
Economic flows
container ship production, liquid H2-DFICE, size8 3.65E-12 unit
fuel tank, heavy fuel oil 2.29E-07 kilogram
fuel tank, cryogenic, liquid hydrogen 4.47E-05 kilogram
market for maintenance, container ship 1.59E-11 unit
liquid hydrogen production 1.12E-03 kilogram
marine gas oil, very low-sulphur 1.66E-04 kilogram
urea solution, 40 wt% 4.79E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 7.77E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.05E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 6.63E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 4.90E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.76E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 3.21E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 4.52E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 4.81E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 1.62E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 5.53E-07 kilogram
Table S4.241. Life cycle inventory of container ship production, liquid H>-DFICE, size8 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.80 unit
propulsion system, liquid H2-DFICE, size8* 1 unit
Table §4.242. Life cycle inventory of propulsion system, liquid H>-DFICE, size8 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 59.78 MW
market for generator, 200kW electrical 90 unit
marine engine, Cl, ICE* 18 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 324 unit
SCR* 59.78 MW
electric boiler, T00kW* 6.3 unit
Religuefaction plant, 1 kg/h capacity* 400.26 unit
Table S4.243. Life cycle inventory of transport, container ship, liquid NH3-DFICE, size8 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid NH3-DFICE, size8* 3.83E-12 unit
fuel tank, heavy fuel oil* 2.46E-07 kilogram
fuel tank, cryogenic, liquid ammonia* 1.49E-05 kilogram
market for maintenance, container ship 1.66E-11 unit
ammonia production, liquid* 7.74E-03 kilogram
marine gas oil, very low-sulphur* 1.77E-04 kilogram
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Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 8.30E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.26E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 5.59E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 6.09E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.59E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 7.09E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 4.83E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 5.14E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 1.74E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 5.92E-07 kilogram
Table S4.244. Life cycle inventory of container ship production, liquid NH3-DFICE, size8 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.80 unit
propulsion system, liquid NHs-DFICE, size8* 1 unit
Table S4.245. Life cycle inventory of propulsion system, liquid NH3s-DFICE, size8 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 59.78 MW
market for generator, 200kW electrical 90 unit
marine engine, CI, ICE* 18 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 324 unit
SCR* 77.78 MW
electric boiler, T00kW* 6.3 unit
Religuefaction plant, 1 kg/h capacity* 267.61 unit
Table S4.246. Life cycle inventory of transport, container ship, MeOH-DFICE, size8 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, MeOH-DFICE, size8* 3.73E-12 unit
fuel tank, heavy fuel oil* 2.29E-07 kilogram
fuel tank, methanol* 1.08E-05 kilogram
market for maintenance, container ship 1.62E-11 unit
methanol production, CO2 from DAC* 6.68E-03 kilogram
marine gas oil, very low-sulphur* 1.65E-04 kilogram
urea solution, 40 wt%* 5.36E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 7.75E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 7.81E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 1.01E-02 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 5.93E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.75E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.49E-07 kilogram
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NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 4.01E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 2.02E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 1.62E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 3.62E-06 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 2.32E-06 kilogram
Table S4.247. Life cycle inventory of container ship production, MeOH-DFICE, size8 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.80 unit
propulsion system, MeOH-DFICE, size8* 1 unit
Table S4.248. Life cycle inventory of propulsion system, MeOH-DFICE, size8 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 59.78 MW
market for generator, 200kW electrical 90 unit
marine engine, CI, ICE* 18 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 324 unit
SCR* 77.78 MW
electric boiler, 100kW* 6.3 unit
Table §4.249. Life cycle inventory of transport, container ship, LNG-DFICE, size8 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size8* 3.49E-12 unit
fuel tank, heavy fuel oil* 4.14E-08 kilogram
fuel tank, LNG* 1.31E-05 kilogram
market for maintenance, container ship 1.52E-11 unit
natural gas, liquid* 2.58E-03 kilogram
marine gas oil, very low-sulphur* 2.99E-05 kilogram
urea solution, 40 wt%* 4.58E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 7.76E-05 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.04E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 7.07E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 4.66E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.46E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 3.06E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 7.93E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 5.43E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.93E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 6.25E-07 kilogram
Table S4.250. Life cycle inventory of container ship production, LNG-DFICE, size8 (1 unit)
Exchanges Amount Unit

Economic flows
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hull production, container ship, for DWT 103800* 1.80 unit
propulsion system, LNG-DFICE, size8* 1 unit
Table S4.251. Life cycle inventory of propulsion system, LNG-DFICE, size8 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 59.78 MW
market for generator, 200kW electrical 90 unit
marine engine, CI, ICE* 18 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 324 unit
SCR* 59.78 MW
market for gas boiler 63 unit
Reliquefaction plant, 1 kg/h capacity* 318.5 unit
Table §4.252. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size8 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size8* 3.49E-12 unit
fuel tank, heavy fuel oil* 4.14E-08 kilogram
fuel tank, LNG* 1.31E-05 kilogram
market for maintenance, container ship 1.52E-11 unit
natural gas, liquid, woody biomass™* 2.58E-03 kilogram
marine gas oil, very low-sulphur* 2.99E-05 kilogram
urea solution, 40 wt%* 4.58E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 7.76E-05 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.04E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 7.07E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 4.66E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.46E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 3.06E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 7.93E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 5.43E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.93E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 6.25E-07 kilogram
Table §4.253. Life cycle inventory of transport, container ship, LOHC-SOFC, size8 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LOHC-SOFC, size8* 4.85E-12 unit
fuel tank, heavy fuel oil* 2.52E-05 kilogram
market for maintenance, container ship* 2.10E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing 1.24E-03 kilogram
hydrogen*
market group for electricity, low voltage 6.23E-06 kilowatt hour

Table S4.254. Life cycle inventory of container ship production, LOHC-SOFC, size8 (1 unit)

Exchanges

Amount

Unit
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Economic flows

hull production, container ship, for DWT 103800* 1.80 unit
propulsion system, LOHC-SOFC, size8* 1 unit
Table S4.255. Life cycle inventory of propulsion system, LOHC-SOFC, size8 (1 unit)
Exchanges Amount Unit
Economic flows
SOFC* 411.55 MW
market for converter, for electric passenger car 4282.65 kilogram
market for inverter, 500kW 182.5 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 1641.702 kilogram
motor drive* 62.26 MW
market for marine electric motor 163.053 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1512.5625 unit
LOHC reactor* 57 MW H:
electric boiler, 100kW* 6.3 unit
Table S4.256. Life cycle inventory of transport, container ship, LOHC-DFICE, size8 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LOHC-DFICE, size8* 5.17E-12 unit
fuel tank, heavy fuel oil* 3.18E-07 kilogram
fuel tank, heavy fuel oil* 3.15E-05 kilogram
market for maintenance, container ship 2.25E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen*  1.55E-03 kilogram
marine gas oil, very low-sulphur* 2.29E-04 kilogram
urea solution, 40 wt%* 6.78E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 1.07E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 4.22E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 9.22E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 6.89E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.81E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.55E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 6.25E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 6.65E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.25E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0.00E+00 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 7.65E-07 kilogram
Table S4.257. Life cycle inventory of propulsion system, LOHC-DFICE, size8 (1 t-nm)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.80 unit
propulsion system, LOHC-DFICE, size8* 1 unit
Table S4.258. Life cycle inventory of propulsion system, LOHC-DFICE, size8 (1 t-nm)
Exchanges Amount Unit
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Economic flows

marine engine, Cl, ICE* 59.78 MW
market for generator, 200kW electrical 90 unit
marine engine, Cl, ICE* 18 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 324 unit
LOHC reactor* 70.15 MW H:
SCR* 59.78 MW
electric boiler, 100kW* 6.3 unit

Table S4.259. Life cycle inventory of transport, container ship, HFO-ICE, size9 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, HFO-ICE, size9* 3.90E-12 unit

fuel tank, heavy fuel oil* 8.69E-06 kilogram
market for maintenance, container ship 1.81E-11 unit
heavy fuel oil, very low-sulphur* 2.93E-03 kilogram
urea solution, 40 wt%* 5.26E-04 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.41E-07 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.53E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 9.56E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 5.13E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 4.71E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.24E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 6.94E-06 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 8.28E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.94E-05 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 9.52E-06 kilogram

Table S4.260. Life cycle inventory of container ship production, HFO-ICE, size9 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1.92 unit
propulsion system, HFO-ICE, size9* 1 unit

Table S4.261. Life cycle inventory of propulsion system, HFO-ICE, size9 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 59.3 MW
market for generator, 200kW electrical 96 unit
marine engine, Cl, ICE* 19.2 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 345.75 unit
SCR* 78.51 MW
market for oil boiler, 100kW 7 unit

Table S4.262. Life cycle inventory of transport, container ship, liquid H>-PEMFC, size9 (1 t-nm)

Exchanges Amount Unit
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Economic flows

container ship production, liquid H2-PEMFC, size9*
fuel tank, cryogenic, liquid hydrogen*

market for maintenance, container ship

liquid hydrogen production*

market group for electricity, low voltage

4.01E-12
5.07E-05
1.86E-11
9.94E-04
1.36E-06

unit
kilogram
unit
kilogram

kilowatt hour

Table S4.263. Life cycle inventory of container ship production, liquid H>-PEMFC, size9 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.92 unit

propulsion system, liquid H2-PEMFC, size9* 1 unit
Table S4.264. Life cycle inventory of propulsion system, liquid H2-PEMFC, size9 (1 unit)

Exchanges Amount Unit

Economic flows

PEMFC* 415.4 MW

market for converter, for electric passenger car 3933.9 kilogram

market for inverter, 500kW 195 unit

market for battery, Li-ion, NMC111, rechargeable, prismatic 554.04 kilogram

motor drive* 61.76 MW

market for marine electric motor 161.757 unit

market for control cabinet, heat and power co-generation unit, 160kW electrical 1526.625 unit

electric boiler, 100kW* 7 unit

Reliquefaction plant, 1 kg/h capacity* 413.87 unit
Table S4.265. Life cycle inventory of transport, container ship, liquid NH3-SOFC, size9 (1 unit)

Exchanges Amount Unit

Economic flows

container ship production, liquid NH3-SOFC, size9* 4.18E-12 unit

fuel tank, cryogenic, liquid ammonia* 1.36E-05 kilogram

market for maintenance, container ship 1.94E-11 unit

ammonia production, liquid* 5.52E-03 kilogram

market group for electricity, low voltage 4.24E-06 kilowatt hour

Environmental flows

Nitrogen oxides (to air, non-urban air or from high stacks) 5.31E-08 kilogram
Table S4.266. Life cycle inventory of container ship production, liquid NH3-SOFC, size9 (1 unit)

Exchanges Amount Unit

Economic flows

hull production, container ship, for DWT 103800* 1.92 unit

propulsion system, liquid NHs-SOFC, size9* 1 unit
Table S4.267. Life cycle inventory of propulsion system, liquid NHs-SOFC, size9 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC* 415.4 MW

market for converter, for electric passenger car 4322.7 kilogram

market for inverter, 500kW 195 unit
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market for battery, Li-ion, NMC111, rechargeable, prismatic 1657.02 kilogram
motor drive* 61.76 MW
market for marine electric motor 161.757 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1526.625 unit
electric boiler, 100kW* 7 unit
Reliquefaction plant, 1 kg/h capacity* 223.63 unit
Table S4.268. Life cycle inventory of transport, container ship, liquid H>-DFICE, size9 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, liquid H2-DFICE, size9 4.09E-12 unit
fuel tank, heavy fuel oil* 2.74E-07 kilogram
fuel tank, cryogenic, liquid hydrogen* 5.36E-05 kilogram
market for maintenance, container ship 1.90E-11 unit
liquid hydrogen production* 1.05E-03 kilogram
marine gas oil, very low-sulphur* 1.55E-04 kilogram
urea solution, 40 wt%* 4.34E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 7.27E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 2.85E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 6.17E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 4.48E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.58E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 2.91E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 4.23E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 4.50E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 1.52E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 5.18E-07 kilogram
Table §4.269. Life cycle inventory of container ship production, liquid H>-DFICE, size9 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.92 unit
propulsion system, liquid H>-DFICE, size9* 1 unit
Table §4.270. Life cycle inventory of propulsion system, liquid H>-DFICE, size9 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 59.3 MW
market for generator, 200kW electrical 96.05 unit
marine engine, Cl, ICE* 19.21 MW
SCR* 59.3 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 345.75 unit
electric boiler, 100kW* 7 unit
Reliquefaction plant, 1 kg/h capacity* 427.09 unit

Table S4.271. Life cycle inventory of transport, container ship, liquid NH3-DFICE, size9 (1 t-nm)
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Exchanges Amount Unit
Economic flows
container ship production, liquid NH3s-DFICE, size9 4.29E-12 unit
fuel tank, heavy fuel oil 2.94E-07 kilogram
fuel tank, cryogenic, liquid ammonia 1.78E-05 kilogram
market for maintenance, container ship 1.99E-11 unit
ammonia production, liquid 7.23E-03 kilogram
marine gas oil, very low-sulphur 1.66E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 7.77E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.05E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 5.22E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 5.66E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.42E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 6.63E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 4.52E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 4.81E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 1.62E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 5.53E-07 kilogram
Table S4.272. Life cycle inventory of container ship production, liquid NH3-DFICE, size9 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.92 unit
propulsion system, liquid NH3-DFICE, size9* 1 unit
Table S4.273. Life cycle inventory of propulsion system, liquid NH3s-DFICE, size9 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, Cl, ICE* 59.3 MW
market for generator, 200kW electrical 96.05 unit
marine engine, Cl, ICE* 19.21 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 345.75 unit
SCR* 78.51 MW
electric boiler, 100kW* 7 unit
Reliquefaction plant, 1 kg/h capacity* 285.56 unit
Table §4.274. Life cycle inventory of transport, container ship, MeOH-DFICE, size9 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, MeOH-DFICE, size9* 4.18E-12 unit
fuel tank, heavy fuel oil* 2.74E-07 kilogram
fuel tank, methanol* 1.29E-05 kilogram
market for maintenance, container ship 1.94E-11 unit
methanol production, CO2 from DAC* 6.24E-03 kilogram
marine gas oil, very low-sulphur* 1.55E-04 kilogram
urea solution, 40 wt%* 4.91E-04 kilogram
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Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 7.24E-09 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 7.30E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 9.39E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 5.51E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.57E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.19E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 3.75E-07 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 1.88E-07 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 1.51E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 3.38E-06 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 2.17E-06 kilogram
Table S4.275. Life cycle inventory of container ship production, MeOH-DFICE, size9 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800* 1.92 unit
propulsion system, MeOH-DFICE, size9* 1 unit
Table S4.276. Life cycle inventory of propulsion system, MeOH-DFICE, size9 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 59.3 MW
market for generator, 200kW electrical 96.05 unit
marine engine, CI, ICE* 19.21 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 345.75 unit
SCR* 78.51 MW
electric boiler, T00kW* 7 unit
Table S4.277. Life cycle inventory of transport, container ship, LNG-DFICE, size9 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size9* 3.91E-12 unit
fuel tank, heavy fuel oil* 4.95E-08 kilogram
fuel tank, LNG* 1.56E-05 kilogram
market for maintenance, container ship 1.82E-11 unit
natural gas, liquid* 2.41E-03 kilogram
marine gas oil, very low-sulphur* 2.79E-05 kilogram
urea solution, 40 wt%* 4.15E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 7.24E-05 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.91E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 6.59E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 4.25E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.29E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 2.77E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 7.40E-06 kilogram

non-urban air or from high stacks)
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Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 5.07E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.74E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 5.83E-07 kilogram
Table S4.278. Life cycle inventory of container ship production, LNG-DFICE, size9 (1 unit)
Exchanges Amount Unit
Economic flows
hull production, container ship, for DWT 103800 1.92 unit
propulsion system, LNG-DFICE, size9 1 unit
Table S4.279. Life cycle inventory of propulsion system, LNG-DFICE, size9 (1 unit)
Exchanges Amount Unit
Economic flows
marine engine, CI, ICE* 59.3 MW
market for generator, 200kW electrical 96.05 unit
marine engine, CI, ICE* 19.21 MW
market for control cabinet, heat and power co-generation unit, 160kW electrical 345.75 unit
SCR* 59.3 MW
market for gas boiler 70 unit
Reliquefaction plant, 1 kg/h capacity* 339.84 unit
Table §4.280. Life cycle inventory of transport, container ship, BIO-LNG-DFICE, size9 (1 t-nm)
Exchanges Amount Unit
Economic flows
container ship production, LNG-DFICE, size9* 3.91E-12 unit
fuel tank, heavy fuel oil* 4.95E-08 kilogram
fuel tank, LNG* 1.56E-05 kilogram
market for maintenance, container ship 1.82E-11 unit
natural gas, liquid, woody biomass* 2.41E-03 kilogram
marine gas oil, very low-sulphur* 2.79E-05 kilogram
urea solution, 40 wt%* 4.15E-04 kilogram
Environmental flows
Methane, fossil (to air, non-urban air or from high stacks) 7.24E-05 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 1.91E-05 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 6.59E-03 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 4.25E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 2.29E-07 kilogram
Ammonia (to air, non-urban air or from high stacks) 2.77E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 7.40E-06 kilogram
non-urban air or from high stacks)
Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 5.07E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.74E-07 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0 kilogram
Particulates, <2.5 um (to air, non-urban air or from high stacks) 5.83E-07 kilogram
Table S4.281. Life cycle inventory of transport, container ship, LOHC-SOFC, size9 (1 t-nm)
Exchanges Amount Unit

Economic flows
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container ship production, LOHC-SOFC, size9* 5.35E-12 unit

fuel tank, heavy fuel oil* 2.84E-05 kilogram
market for maintenance, container ship 2.48E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing hydrogen* 1.09E-03 kilogram
market group for electricity, low voltage 5.42E-06 kilowatt hour

Table S4.282. Life cycle inventory of container ship production, LOHC-SOFC, size9 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1.92 unit
propulsion system, LOHC-SOFC, size9* 1 unit

Table S4.283. Life cycle inventory of propulsion system, LOHC-SOFC, size9 (1 unit)

Exchanges Amount Unit

Economic flows

SOFC* 415.4 MW
market for converter, for electric passenger car 4322.7 kilogram
market for inverter, 500kW 195 unit
market for battery, Li-ion, NMC111, rechargeable, prismatic 1657.0213 kilogram
motor drive* 61.76 MW
market for marine electric motor 161.757 unit
market for control cabinet, heat and power co-generation unit, 160kW electrical 1526.625 unit
LOHC reactor* 54.04 MW H2
electric boiler, 100kW* 7 unit

Table S4.284. Life cycle inventory of transport, container ship, LOHC-DFICE, size9 (1 t-nm)

Exchanges Amount Unit

Economic flows

container ship production, LOHC-DFICE, size9* 5.85E-12 unit

fuel tank, heavy fuel oil* 3.83E-07 kilogram
fuel tank, heavy fuel oil* 3.80E-05 kilogram
market for maintenance, container ship 2.72E-11 unit
dehydrogenation of perhydro-dibenzyltoluene (H18-DBT) for releasing 1.46E-03 kilogram
hydrogen*

marine gas oil, very low-sulphur* 2.16E-04 kilogram
urea solution, 40 wt%* 6.21E-04 kilogram
Environmental flows

Methane, fossil (to air, non-urban air or from high stacks) 1.01E-08 kilogram
Carbon monoxide, fossil (to air, non-urban air or from high stacks) 3.97E-06 kilogram
Carbon dioxide, fossil (to air, non-urban air or from high stacks) 8.63E-04 kilogram
Nitrogen oxides (to air, non-urban air or from high stacks) 6.35E-05 kilogram
Dinitrogen monoxide (to air, non-urban air or from high stacks) 3.59E-08 kilogram
Ammonia (to air, non-urban air or from high stacks) 4.16E-07 kilogram
NMVOC, non-methane volatile organic compounds, unspecified origin (to air, 5.89E-07 kilogram
non-urban air or from high stacks)

Particulates, > 2.5 um, and < 10um (to air, non-urban air or from high stacks) 6.27E-08 kilogram
Sulfur dioxide (to air, non-urban air or from high stacks) 2.12E-06 kilogram
Formaldehyde (to air, non-urban air or from high stacks) 0.00E+00 kilogram
Particulates, < 2.5 um (to air, non-urban air or from high stacks) 7.21E-07 kilogram
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Table S4.285. Life cycle inventory of container ship production, LOHC-DFICE, size9 (1 unit)

Exchanges Amount Unit

Economic flows
hull production, container ship, for DWT 103800* 1.92 unit
propulsion system, LOHC-DFICE, size9* 1 unit

Table S4.286. Life cycle inventory of propulsion system, LOHC-DFICE, size9 (1 unit)

Exchanges Amount Unit

Economic flows

marine engine, Cl, ICE* 59.3 MW
market for generator, 200kW electrical 96.05 unit
marine engine, Cl, ICE* 19.21 MW
market for control cabinet, heat and power co-generation unit, 160kW 345.75 unit
electrical

LOHC reactor* 69.57 MW H:
SCR* 59.3 MW
electric boiler, 100kW* 7 unit

Table S4.287. Life cycle inventory of liquid hydrogen production, onshore wind PEM (1 kg)

Exchanges Amount Unit

Economic flows

hydrogen production, gaseous, 30 bar, wind onshore, pem* 1.0162 kilogram
hydrogen liquefaction plant construction* 3.43E-09 unit
electricity production, wind, 1-3MW turbine, onshore 10.5 kilowatt hour

Environmental flows

Hydrogen (to air) 0.0162 kilogram

Data source: Al Ghafri et al."”® and Wulf and Zapp'”®

Table S4.288. Life cycle inventory of ammonia production, liquid, onshore wind PEM (1 kg)

Exchanges Amount Unit

Economic flows

hydrogen production, gaseous, 30 bar, wind onshore, pem* 1.76E-01 kilogram
nitrogen, gaseous, from cryogenic distillation, without compression* 8.15E-01 kilogram
ammonia synthesis catalyst* 5.15E-05 kilogram
market for chemical factory, organics 3.29E-10 unit
electricity production, wind, 1-3MW turbine, onshore 1.44 kilowatt hour
treatment of inert waste, inert material landfill -5.15E-05 kilogram

Environmental flows

Water, cooling, unspecified natural origin (from natural resource) 1.49E-01 cubic meter
Hydrogen (to air) 7.67E-04 kilogram
Ammonia(to air) 1.63E-03 kilogram
Nitrogen oxides(to air) 1.00E-03 kilogram
Water(to air) 4.76E-02 cubic meter
Water(to water) 1.01E-01 cubic meter

Data source: D’Angelo et al.>

Table S4.289. Life cycle inventory of methanol production, CO2 from DAC, onshore wind PEM (1 kg)

Exchanges Amount Unit

Economic flows
CO: from DAC, onshore wind* 1.51 kilogram
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hydrogen production, gaseous, 30 bar, wind onshore, pem* 2.08E-01 kilogram

electricity production, wind, 1-3MW turbine, onshore 2.72E-01 kilowatt hour
market for steel, chromium steel 18/8 1.53E-04 kilogram
market for aluminium oxide, non-metallurgical 1.20E-05 kilogram
market for copper oxide 6.20E-05 kilogram
market for zinc oxide 2.90E-05 kilogram
market for heat, from steam, in chemical industry -4.40E-01 megajoule
market for wastewater, average -5.71E-04 cubic meter

Environmental flows

Carbon dioxide, fossil (air) 7.70E-02 kilogram
Methanol (air) 1.00E-02 kilogram
Nitrogen oxides (air) 1.78E-06 kilogram

Data source: Gonzalez-Garay et al.”””

Table S4.290. Life cycle inventory of CO2 from DAC, onshore wind (1 kg)
Exchanges Amount Unit

Economic flows

electricity production, wind, 1-3MW turbine, onshore 0.366 kilowatt hour
market group for tap water 3.105 kilogram
market group for natural gas, high pressure 0.1895 cubic meter
market for calcium carbonate, precipitated 0.02 kilogram

Environmental flows

Carbon dioxide, in air 1 kilogram

Data source: Keith et al.'”8

Table S4.291. Life cycle inventory of hydrogen production, gaseous, 30 bar, wind onshore, pem (1 kg)
Exchanges Amount Unit

Economic flows

electrolyzer, PEM, Balance of Plant 3.45E-07 unit
electrolyzer, PEM, Stack 1.04E-06 unit
electricity production, wind, 1-3MW turbine, onshore 57.47 kilowatt hour
market for water, deionised 12 kilogram

Environmental flows
Oxygen 8 kilogram
Water, cooling, unspecified natural origin 0.0881 cubic meter

Data source: Wei et al.5®

Background data

Table S4.292. The electricity mixes® used for H.-based fuel production under different scenarios and their GHG
emissions in 2020 and 2050. In this table, CHP=Combined heat and power plant, IGCC=Integrated gasification
combined cycle, PC=Conventional coal power plant, CCS=Carbon capture and storage, OC=Gas turbine, CC= Natural
gas combined cycle, ST=Diesel oil turbine, CSP=Concentrating solar power and PV=photovoltaic.

Less Ambitious Ambitious Very Ambitious
2020 2050 2020 2050 2020 2050

Electricity mix

Biomass CHP (%) 0.57 0.25 0.63 0.22
Biomass IGCC CCS (%) 0 0.02 0 1.00
Biomass IGCC (%) 1.78 0.54 1.73 0.51
Coal PC (%) 31.66 0 29.33 0
CoalIGCC (%) 0.01 0.01 0.07 0
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Coal PC CCS (%) 0 0 0 0

Coal IGCC CCS (%) 0 0 0 0
Coal CHP (%) 5.12 0.16 4.22 0
Gas OC (%) 0.99 0.72 0.71 0.21
Gas CC (%) 16.98 1.91 20.40 0
Gas CHP (%) 1.99 0.20 3.32 0
Gas CC CCS (%) 0 0 0 0
Geothermal (%) 0.95 0.54 1.07 0.70
Hydro (%) 17.70 9.05 17.26 11.50
Nuclear (%) 10.85 3.75 9.49 4.85
Oil ST (%) 2.16 0 1.80 0
Solar CSP (%) 0.09 0.44 0.08 0.37
Solar PV Centralized (%) 3.40 51.52 3.62 49.99
Wind Onshore (%) 5.53 25.02 5.94 24.64 100 100
Wind Offshore (%) 0.22 5.87 0.34 6.00
GHG emissions of the electricity mix (kg CO2-eq/kWh)
0.65 0.03 0.63 0.005 0.014 0.01

S4.2 Future transport work demand

The contribution of different ship sizes to global containerized transport demand over
time is shown in Figure S4.2. These ratios are the same across different scenarios.

2020 2030 2050

2%
7% 5% - Ship size (TEU)
® 0999

13% 12% ® 1,000-1,999

2,000-2,999

14% e 12% 3,000-4,999

5,000-7,999

20% 8,000-11,999
12,000-14,499
® 14,500-19,999

® 20,000+

15%

16%
29%

31% 34%
Figure S4.2. Contribution of different ship sizes to global containerized transport demand in 2020, 2030, and 2050. Ship
size categories in this figure are measured in twenty-foot equivalent units (TEU).

The future containerized transport work by propulsion system for each ship size, as
estimated by the logistic model (upper bound) and the gravity model (lower bound), is
shown in Figure S4.3 and Figure S4.4, respectively.
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Figure S4.3. Global containerized transport demand by propulsion system for each ship size, based on logistic model.

Ship size categories in this figure are measured in twenty-foot equivalent units (TEU).
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Figure S4.4. Global containerized transport demand by propulsion system for each ship size,
Ship size categories in this figure are measured in twenty-foot equivalent units (TEU).
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S4.3 Supplementary results

Model validation

To validate the model of energy demand for ship operation, the direct CO, emissions of
HFO ships representing different ship sizes calculated in this study were compared with
the monitoring results reported under the EU Monitoring, Reporting and Verification (EU-
MRV) Maritime Regulation?”® and with calculated results from the IMO report.” In EU-MRV
results, CO, emissions were recorded for 1,859 container ships in 2020,%”3 which account
for about one third of the global container ship fleet at that time. The above CO, emission
records were classified by ship size to obtain the emission range for each ship size. In the
IMO report, the CO; emissions for the global container ship fleetin 2018 were reported by
ship size category. As shown in Figure S4.5, our results are generally in good agreement
with both sets of measured data. The higher CO, emissions for ships of 0-999 TEU in the
EU-MRV data can possibly be attributed to the low payload utilization rate of these ships.
The monitored feeder ships primarily operate near the shore within the EU, and the limited
coverage of the monitoring data does notinclude ships operating in other regions. Overall,
this discrepancy does not compromise the generalvalidity of the model used in this study.
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Figure S4.5. Comparison of calculated CO2 emissions of representative HFO ships with EU-MRV and IMO results by ship
size (TEU).

Sensitivity analysis
In this sensitivity analysis, four parameters, namely main engine efficiency, propulsion
system mass, ship speed, and voyage length, that can potentially affect the energy

consumption per transport work are considered. Each parameter is modeled with a +5%
variation to examine its effect on the GHG emissions per t-nm for different propulsion
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systems. As shown in Figure S4.6, ship speed is the most influential factor determining
the results and can cause a more pronounced percentage change in GHG emissions for
feeder ships than the +5% variation applied to the input, because the load factor of the
main engine, which determines its energy consumption, is correlated with the cube of the
ratio between the ship’s operating speed and its maximum speed. For Ultra Large
Container Vessels (ULCVs), the effect of main engine efficiency on energy consumption
can be comparable to that of ship operating speed, because ULCVs require a higher
power increase to account for adverse weather conditions (weather correction factor of
0.867, resulting in a 15% power increase) than feeder ships (weather correction factor of
0.909, resulting in a 10% power increase),” which reduces the relative influence of
operating speed on the load factor and energy consumption of the main engine. In the
Very Ambitious scenario, the GHG emissions of liquid H,-PEMFC and liquid NH;-SOFC
ships are primarily determined by ship production, with the effects of ship speed and
main engine efficiency remaining similar over time. Changes in voyage length and
propulsion system mass have little impact across all scenarios.
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Figure S4.6. Sensitivity analysis of the effects of main parameter changes on GHG emissions per t-nm for different
propulsion systems by ship size and time under different scenarios. (a)-(d), (e)-(h) and (i-l) show the results for the Less
Ambitious, Ambitious and Very Ambitious scenarios, respectively. In the Ambitious scenario, the battery system is not
included in this sensitivity analysis as the decisive factor is its gravimetric energy density.
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GHG emissions of different propulsion systems

Table S4.293. GHG emissions of different propulsion systems by ship size from 2020 to 2050 in the Less Ambitious
scenario (g CO2-eq/t-nm).

Ship size Propulsion 2020 2025 2030 2035 2040 2045 2050
(TEV) system
0-999 HFO-ICE 38 37 37 37 37 37 37
LNG-ICE 36 36 36 36 35 35 35
Liquid H2-ICE 69 63 57 53 48 45 44
Liquid H>-PEMFC 66 60 54 50 46 42 41
Liquid NHs-ICE 74 68 63 58 54 51 49
Liquid NHs-SOFC 62 57 53 49 45 42 41
MeOH-ICE 68 66 63 60 57 54 53
1,000-1,999 HFO-ICE 35 34 34 34 34 34 34
LNG-ICE 33 33 33 33 32 32 32
Liquid H2-ICE 64 58 53 49 45 42 40
Liquid H>-PEMFC 60 54 49 45 41 38 37
Liquid NHs-ICE 69 64 59 55 51 48 46
Liquid NHs-SOFC 54 49 45 42 39 36 35
MeOH-ICE 63 61 59 56 53 51 49
2,000-2,999 HFO-ICE 31 30 30 30 30 30 30
LNG-ICE 30 29 29 29 29 29 29
Liquid H2-ICE 58 53 48 45 41 38 37
Liquid H>-PEMFC 54 49 44 141 37 35 33
Liquid NHs-ICE 64 59 55 51 47 44 42
Liquid NHs-SOFC 54 50 46 42 39 37 35
MeOH-ICE 58 56 54 51 48 46 45
3,000-4,999 HFO-ICE 28 28 28 28 27 27 27
LNG-ICE 27 27 27 27 27 27 27
Liquid H2-ICE 54 49 45 41 38 36 34
Liquid H2-PEMFC 50 45 41 37 34 32 30
Liquid NHs-ICE 60 55 51 47 44 41 39
Liquid NH3-SOFC 45 41 38 35 33 31 29
MeOH-ICE 54 52 50 48 45 43 42
5,000-7,999 HFO-ICE 26 25 25 25 25 25 25
LNG-ICE 25 25 24 24 24 24 24
Liquid H2-ICE 49 45 41 38 35 32 31
Liquid H2-PEMFC 45 41 37 34 31 29 28
Liquid NHs-ICE 54 50 46 43 40 37 36
Liquid NH3-SOFC 45 42 39 36 33 31 30
MeOH-ICE 49 47 46 43 41 39 38
8,000-11,999 HFO-ICE 26 25 25 25 25 25 25
LNG-ICE 25 25 24 24 24 24 24
Liquid H2-ICE 49 45 41 38 35 32 31
Liquid H2-PEMFC 45 41 37 34 31 29 28
Liquid NHs-ICE 54 50 46 43 40 37 36
Liquid NH3-SOFC 45 42 39 36 33 31 30
MeOH-ICE 49 47 46 43 41 39 38
12,000-14,499 HFO-ICE 15 15 15 15 15 15 15
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LNG-ICE 15 15 15 15 15 15 15

Liquid H2-ICE 30 27 25 23 21 20 19
Liquid H.-PEMFC 28 25 23 21 19 18 17
Liquid NHs-ICE 33 30 28 26 24 23 22
Liquid NHs-SOFC 26 24 22 20 19 18 17
MeOH-ICE 30 29 27 26 25 24 23
14,500-19,999 HFO-ICE 13 13 13 13 13 13 13
LNG-ICE 13 13 13 13 13 13 13
Liquid H2-ICE 26 24 22 20 18 17 16
Liquid H.-PEMFC 24 21 20 18 16 15 15
Liquid NHs-ICE 28 26 24 22 21 19 19
Liquid NHs-SOFC 23 21 19 18 17 16 15
MeOH-ICE 25 25 24 22 21 20 20
20,000+ HFO-ICE 13 12 12 12 12 12 12
LNG-ICE 13 12 12 12 12 12 12
Liquid H2-ICE 25 22 20 19 17 16 16
Liquid H-PEMFC 23 20 19 17 16 15 14
Liquid NHs-ICE 27 25 23 21 20 18 18
Liquid NHs-SOFC 21 19 18 16 15 14 14
MeOH-ICE 24 23 22 21 20 19 19

Table S4. 294. GHG emissions of different propulsion systems by ship size from 2020 to 2050 in the Ambitious scenario
(g CO2-eq/t-nm).

Ship size Propulsion 2020 2025 2030 2035 2040 2045 2050

(TEV) system

0-999 HFO-ICE 38 37 37 37 37 37 37
LNG-ICE 36 36 36 35 35 35 35
Battery 63 47 20 7 4 3 3
Bio-LNG-ICE 22 20 17 16 15 15 15
Liquid H2-ICE 68 66 40 23 16 14 12
Liquid H-PEMFC 66 63 38 20 14 11 10
Liquid NHs-ICE 73 72 44 24 17 14 12
Liquid NHs-SOFC 62 61 37 20 14 11 10
MeOH-ICE 68 70 45 27 20 17 15

1,000-1,999 HFO-ICE 35 34 34 34 34 34 34
LNG-ICE 33 33 33 32 32 32 32
Bio-LNG-ICE 20 18 16 14 14 14 14
Liquid H2-ICE 63 61 37 21 15 13 12
Liquid H-PEMFC 59 57 34 18 12 10 9
Liquid NHs-ICE 69 68 4 23 16 13 12
Liquid NHs-SOFC 53 52 32 18 12 10 9
MeOH-ICE 63 65 42 25 18 16 14

2,000-2,999 HFO-ICE 31 30 30 30 30 30 30
LNG-ICE 30 29 29 29 29 29 29
Bio-LNG-ICE 18 16 14 13 13 12 12
Liquid H2-ICE 58 56 34 19 14 12 11
Liquid H>-PEMFC 53 52 31 17 11 9 8
Liquid NHs-ICE 63 62 38 21 15 12 11
Liquid NHs-SOFC 54 53 32 18 12 10 9
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MeOH-ICE 24 25 16 10 7 6 6

Table S4.295. GHG emissions of different propulsion systems by ship size from 2020 to 2050 in the Very Ambitious
scenario (g CO2-eq/t-nm).

Ship size Propulsion 2020 2025 2030 2035 2040 2045 2050

(TEV) system

0-999 HFO-ICE 38 37 37 37 37 37 37
LNG-ICE 36 36 36 35 35 35 35
Liquid H2-PEMFC 7 6 5
Liquid NHs-SOFC 8 7 6
MeOH-ICE 11 11 10 9 9

1,000-1,999 HFO-ICE 35 34 34 34 34 34 34
LNG-ICE 33 33 33 32 32 32 32
Liquid H>-PEMFC 6 6
Liquid NHs-SOFC 7 7
MeOH-ICE 11 10 9 9 9

2,000-2,999 HFO-ICE 31 30 30 30 30 30 30
LNG-ICE 30 29 29 29 29 29 29
Liquid H-PEMFC 6 5 5 4 4
Liquid NHs-SOFC 7
MeOH-ICE 10

3,000-4,999 HFO-ICE 28 28 28 27 27 27 27
LNG-ICE 27 27 27 27 27 27 27

Liquid H.-PEMFC
Liquid NHs-SOFC

MeOH-ICE
5,000-7,999 HFO-ICE 25 25 25 25 25 25 25
LNG-ICE 25 25 24 24 24 24 24

Liquid Ho-PEMFC
Liquid NHs-SOFC

MeOH-ICE
8,000-11,999 HFO-ICE 19 19 19 19 19 19 19
LNG-ICE 19 19 19 19 19 19 19

Liquid Ho-PEMFC
Liquid NHs-SOFC

MeOH-ICE
12,000-14,499 HFO-ICE 15 15 15 15 15 15 15
LNG-ICE 15 15 15 15 15 15 15

Liquid Ho-PEMFC
Liquid NHs-SOFC

MeOH-ICE

14,500-19,999 HFO-ICE 13 13 13 13 13 13 13
LNG-ICE 13 13 13 13 13 13 13
Liquid H2-PEMFC 3 3 2 2 2 2 2
Liquid NHs-SOFC 3 3 3 2 2 2 2
MeOH-ICE 5 4 4 4 4 4 4

20,000+ HFO-ICE 13 12 12 12 12 12 12
LNG-ICE 13 12 12 12 12 12 12
Liquid H2-PEMFC 3 3 3 2 2 2 2
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Liquid organic hydrogen carrier (LOHC) systems can provide gaseous H, through catalytic
exothermic hydrogenation and endothermic dehydrogenation reactions of a liquid
organic compound. Compared with liquid NH;, LOHCs can be handled under ambient
conditions in a manner similar to diesel and exhibit low toxicity.””> 2% LOHC systems are
currently in the demonstration phase (TRL 7-8) and are expected to be fully
commercialized by the late 2030s.2%¢ In this study, we further model the LOHC systems to
enable a comparison with liquid NH3; systems. Two LOHC-based propulsion systems are
considered: LOHC-ICE and LOHC-SOFC. It is assumed that the waste heat on board can
be utilized to sustain the dehydrogenation process without the need for additional fuel
combustion.®** Dibenzyltoluene (DBT), a widely studied LOHC with a H, storage capacity
of 6.2 wt%,%-%2% s selected for this study. During the hydrogenation process, 1% of the H,
and 0.1% LOHC are lost.?>® The LOHC is assumed to withstand 1000 hydrogenation—
dehydrogenation cycles.3?® A ten-chamber tank system, with one chamber kept empty at
the start of the trip, is used to handle both loaded and unloaded LOHC.%?* The workflow
charts of the LOHC systems and the LClI are provided in Section S4.1.

Figure S4.8 shows the GHG emissions of ships powered by liquid NH; systems and LOHC
systems under different scenarios. Due to the lower gravimetric energy density of LOHC
compared with liquid NH3 (1.9 MWh/tvs. 5.2 MWh/t for the fuel carrier/fuelitself, and 1.66
MWh/t vs. 4.2 MWh/t for the fuel carrier/fuel plus tank),23% 324325 the ships powered by
LOHC systems always experience greater cargo weight loss (see Table S2) and higher
energy consumption per t-nm. For feeder ships, these adverse impacts on GHG
emissions are not significant, and LOHC systems exhibit lower GHG emissions primarily
because the GHG emissions from gaseous H; supply via the LOHC cycle are currently
lower than those from liquid NH; production. By 2050, the GHG emissions of ships
powered by LOHC systems are slightly lower than those of ships powered by liquid NH;
systems in the Less Ambitious scenario and comparable in the Ambitious scenario. For
Ultra Large Container Vessels (ULCVs), the higher energy demand per t-nm leads to
greater gaseous H, demand in LOHC systems than in liquid NH; systems. Because liquid
NH; production involves higher electricity use, ships powered by liquid NH; systems still
show slightly higher GHG emissions than those powered by LOHC systems at present.
However, as electricity becomes decarbonized, LOHC ships are expected to exhibit
higher GHG emissions than liquid NH; ships. In the Very Ambitious scenario, where both
liquid NH; and gaseous H, supplied via the LOHC cycle are fully sourced from renewables,
the GHG emissions of LOHC-SOFC ships remain similar to those of liquid NH3;-SOFC
ships for feeder ships, but are slightly higher for ULCVs from now to 2050.
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Figure S4.8. Prospective GHG emissions of liquid NHs and liquid organic H2 carrier (LOHC) systems across various
scenarios, by ship size and time. (a)-(d), (e)-(h) and (i-l) show the results for the Less Ambitious, Ambitious and Very
Ambitious scenarios, respectively. The LOHC cycle consists of hydrogenation and dehydrogenation processes.

We further examined the impacts of adopting LOHC systems instead of liquid NH;
systems at a large scale on the cumulative GHG emissions from global container shipping.
As shown in Figure S4.9, replacing liquid NH; systems with LOHC systems can lead to a
slight increase in cumulative GHG emissions between 2020 and 2050, by 1.7-1.8%, 2.8—
3.3% and 2.2-2.5% in the Less Ambitious, Ambitious and Very Ambitious scenarios,
respectively.
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