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Supplementary Note B: Global primary energy demand
According to Japan’s Energy White Paper 2023 [6] released by the Ministry of Economy, Trade, and Industry, the global primary energy demand continues to increase (average annual rate: 2.4%) based on economic and population growth (Supplementary Fig. 1). Since 2000, the socioeconomic growth in emerging countries in the Asia–Pacific region has been remarkable, and developed countries, especially those in the Organization for Economic Co-operation and Development, have experienced a decrease in the share of global energy demand from 71% (1965) to 39% (2021). In 2019, the share of fossil fuels, such as petroleum and liquefied natural gas, increased by an average of 2.5% annually, accounting for 82% of the total, whereas that of non-fossil fuels remained constant at 18%. In the future, GHG emissions will continue to increase; thus, the potential consequences for the human habitability of Earth could be catastrophic. 
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Supplementary Fig. S1 Changes in the world’s primary energy demand in gigatons of oil equivalent (Gtoe) (Source: Energy White Paper 2023 [6] with revisions).
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[bookmark: _Hlk152442254]Supplementary Fig. S3 Properties of carbon steel pipes used for high-pressure piping. 
(a) Design and operating pressures according to the Schedule (Sch). Relationship between the design pressure (Pd) and Sch number is shown, representing the wall thickness of the pressure pipe when Sat = 121 N/mm2, used for STS 480, with the highest Sat at −40 ℃ < T < 60 ℃. Pd indicates the pressure that can withstand instantaneous pressurization, and Po is the operational pressure that can withstand long-term operation. Po can be expressed as follows: Po = Pd/SF = 12.9 MPa, where SF is the safety factor, which is generally set to 1.5 for piping. For carbon steel pipes used for high-pressure piping, the Sch ranges from 2 to 160. Dotted lines in the figure indicate the Sch values that exceed the standard, along with the corresponding Pd and Po values. (b) Outer diameter (OD), inner diameter (ID), and wall thickness (WT) of Sch 160. In JIS G 3455:2020 [17], the nominal diameter is defined from 15 to 650 for Sch 160. Solid lines: OD, ID, and WT of a nominal diameter; dotted lines: OD, ID, and WT when nominal diameter of Sch 160 = 1,000 (maximum nominal diameter of thin pipes with Sch = 10S or 20S). The ID for a nominal diameter of 1,000 is ~1.5 times larger than that for 650; the amount of LNH3 transport can be increased by a factor of 5. If the pressure resistance strength of JIS G 3455 is extended to that of Sch 200, LNH3 transport can be increased by ~6.5 times. This will allow the number of pipelines required to be reduced without compromising the supply. The service life of pipelines is 40–80 years [16]; pipelines of different diameters and pressures will become part of the network.
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Supplementary Fig. S4 Properties of LNH3. (a) Vapor pressure line of NH3, (b) dynamic viscosity σ, and (c) density ρ.
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Supplementary Table S1. Comparison of hydrogen energy carrier (HEC) characteristics with those of existing energy sources†
	[bookmark: _Hlk147495439]HEC
	Volumetric energy density (Wh/L)
	Mass energy density (Wh/kg)
	Storage conditions
	Long-term storage
	Remarks

	[bookmark: _Hlk147491493]High-pressure hydrogen gas (H2)
	△
	1,200 
	◎
	32,900 
	△
	70 MPa
	△
	△
	Highly flammable, explosive

	Liquid hydrogen (LH2)
	〇
	2,330 
	◎
	32,900 
	✖
	－253 ℃
	✖
	△
	Highly flammable, explosive

	Fuel liquefied ammonia (LNH3) 
	〇
	3,960 
	〇
	5,810 kg
	◎
	Room temperature, 0.86 MPa
	◎
	△
	Acute toxicity

	
	
	
	
	
	
	
	
	〇
	Many accomplishments

	Methylcyclohexane (MCH)
	△
	1,550 
	△
	2,010 
	◎
	Room temperature
	〇
	〇
	Flammability comparable to gasoline

	(ref.) Liquefied natural gas
	◎
	6,977 
	◎
	15,167 
	✖
	－162 ℃
	△
	✖
	CO2 emissions

	(ref.) Crude oil
	◎
	10,628 
	◎
	12,541 
	◎
	Room temperature
	◎
	✖✖
	High CO2 emissions

	(ref.) Coal
	◎
	9,972 
	〇
	7,150 
	◎
	Room temperature
	◎
	✖✖
	High CO2 emissions

	(ref.) Li-ion secondary batter
	✖
	\520 
	✖
	201 
	◎
	Room temperature
	✖
	✖
	Lithium is rare and expensive

	(ref.) Uranium fuel
	◉
	7.6×109 
	◉
	4.2×108 
	〇
	Cooled in fuel pool
	✖ Cooling required
	✖✖✖
	Final disposal method not defined


Note: ◉, ◎, 〇, △, ✖, ✖✖, and ✖✖✖ represent better to worse from left to right, respectively.
†The energy density of LNH3 is lower than that of fossil fuels, but much higher than that of lithium-ion batteries; the energy density of uranium is > 10,000 times higher than that of fossil fuels.



Supplementary Table S2. Continental modeling
	Item
	Value
	Unit
	Remarks

	Area of modeled continent: Amc
	1.27E+08
	km2
	85.2% of the total land area

	Population of modeled continent: Pmc
	6.44E+09
	persons
	99% of the world’s population

	Average population density: Pad
	50.9
	persons/km2
	= Pmc/Amc

	East–west distance of modeled continent: Lew
	31,675
	km
	= Amc/Lns

	Latitudinal distance of modeled continent: Lns
	4,000
	km
	



Supplementary Table S3. Resources for submarine HVDC cables between FOPV plants and landing stations
	Item
	Copper
	Aluminum
	Unit
	Remarks

	Average submarine cable length: Lsm
	300
	300
	km
	An average cable length of 300 km is assumed based on Fig. 2.

	Number of submarine cables: Nsm
	56,048
	56,048
	cables
	See Table 1, FOPV number satisfying 2TPESw8.

	Maximum transmission voltage: Vsm
	500
	500
	kV
	See Table 1, maximum output voltage of FOPV8.

	Maximum transmission current: Ism
	6.14
	6.14
	kA
	See Table 1, maximum output current of FOPV8.

	Power transmission loss: Msm
	5%
	5%
	
	

	Conductor diameter: Dsm
	56.7
	73.3
	mm
	Copper is next to silver, and aluminum is next to copper.

	Cable conductor weight over Lsm: Wsm
	1.40E+04
	6.87E+03
	tons
	Copper and aluminum have specific gravities of 8.96 and 2.71 g/cm3, respectively.

	Total conductor weight: Wtc
	7.85E+08
	3.85E+08
	tons
	= Nsm･Wsm.

	Conductor mineral reserves [31]: Rcd
	5.6E+09
	1.6E+10
	tons
	Estimated copper resources, including undiscovered [31].

	Resource usage rate (Wtc/Rcd): Ucr
	14%
	2.3%
	
	Aluminum is the best conductor for submarine cables.




Supplementary Table S4. Resources for LNH3 pipelines and HVDC grids in intra-continental energy transport
	Item
	HVDC power grid
	LNH3 pipeline network
	Unit
	Remarks

	Average east–west spacing: Sew
	15.4
	15.4
	km
	= Lew/PLw, see Table 1

	Average latitudinal spacing: Sns
	300
	300
	km
	Standard unit length of pipeline transport

	Total energy transport length: Ltt
	8.62E+06
	8.62E+06
	km
	= Lew/Sew･Lns+Lns/Sns･Lew

	Transmission voltage: Vtx
	500
	－
	kV
	The maximum HVDC voltage used is 500 kV

	Transmission current: Itx
	23.2
	－
	kA
	Vtx･Itx･PLw･(hours/year) = 208 TWh/year

	LNH3 flow rate: Qw
	－
	47,879
	tons/day
	Qw･EDNH3･(hours/year) = 208 TWh/year, see Supplementary Table 1

	Transmission media
	Aluminum
	Steel
	
	

	Transmission unit length: Ltu
	1,000
	300
	km
	

	Energy loss over Ltu: Mtu
	5%
	0.114%
	
	= Ep/(Vtx･Itx･θ), see Table 1

	Transmission material diameter: Dtm
	261
	ID: 532
	mm
	Pipe OD: 660 mm

	Material weight over Ltu: Wmu
	2.90E+05
	2.84E+05
	tons
	Specific gravity: Al = 2.72, Fe = 7.87 g/cm3

	Total material weight: Wtm
	2.50E+09
	8.56E+09
	tons
	= Wmu･Ltt/Ltu

	Material reserves [31]: Rmt
	1.6E+10
	2.3E+11
	tons
	Suppose that aluminum reserves are 1/4 of bauxite reserves

	Resource usage rate (Wtm/Rmt): Umr
	16%
	3.7%
	
	LNH3 pipeline can transport carbon-free energy worldwide

	Total energy loss over Lns: Mel
	20%
	1.52%
	
	= Mtu･Lns/Ltn

	Energy storage
	Nowhere
	Anywhere
	
	HVDC grids can only store energy in LNH3 before converting it into electricity
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