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[image: ]Supplementary Fig. S1. Floating offshore photovoltaic (FOPV) plant featuring photovoltaic (PV) panels connected flexibly in a honeycomb structure [7]. 

[bookmark: _Hlk191145812][image: ]Supplementary Fig. S2. Four-layer connection circuit of the proposed floating offshore photovoltaic (FOPV) plant, designed to prevent potential-induced degradation (PID) in photovoltaic (PV) modules [14]. By connecting fine aggregates consisting of 10 PV panels in series and then connecting them in parallel, the maximum potential difference is limited to ±250 V. With this configuration, the FOPV system as a whole has a four-layer structure.


[bookmark: _Hlk152442254][image: ][image: ]Supplementary Fig. S3. Properties of carbon steel pipes used for high-pressure piping [22]. (a) shows the design pressure and service pressure based on the schedule (Sch); (b) shows the outer diameter (OD), inner diameter (ID), and wall thickness (WT) of Sch 160 pipes. 
Supplementary Fig. S4. Temperature characteristics of liquefied ammonia (LNH3). The physical properties of NH3 were calculated using FLUIDAT [48]. At 20 °C and 0.1 MPa, NH3 exists as a gas but liquefies when pressurized at ≥0.86 MPa.
[bookmark: _Hlk195713429][bookmark: _Hlk195721377][bookmark: _Hlk189638136][bookmark: _Hlk177112970]

[image: ]Supplementary Fig. S5. Performance analysis results of liquefied ammonia (LNH3) pipeline transportation. Stable LNH3 transport requires real-time control of numerous parameters.

[image: ] Supplementary Fig. S6. Historical trends and projections of global warming from 1850 to 2100. (a) Shows the influence and use of fossil fuel energy (FFE). (b) Shows the influence and use of traditional clean energy (TCE) (renewable, nuclear, and hydropower). Although rapid growth is expected, by 2100, the TCE amount will only reach 29% of the FFE amount and account for 22% of the total primary energy. (c) Carbon dioxide (CO2) emission factor from FFE. Before 1970, when coal was the main source, the emission factor was high. Subparts (d) to (g) denote various GHG components. CO2 emissions from non-FFE are caused by land-use change and land management (e.g., deforestation, degradation, regeneration after farmland abandonment, and peat drainage). (h) This illustrates the SSP3-7.0 scenario, in which current global warming policies continue (resulting in cumulative CO2 emissions doubling by 2100). The surface temperature will rise to 3.6 ℃ [2.8–4.6 ℃] by 2100 [30,34,35]



[bookmark: _Hlk191145697][image: ]Supplementary Fig. S7. Radiative forcing and temperature rise based on shared socioeconomic pathway (SSP) scenarios. This figure shows the relationship between radiative forcing and temperature rise under four scenarios. If current climate mitigation measures continue (Scenario 4), the temperature rise will reach 3.6 °C [2.8–4.8 °C] by 2100. In contrast, if CO2eq is removed from the atmosphere to return to 1960s temperature rise levels, the radiative forcing will decrease to a negative value, meaning the Earth will cool.


[image: ]
Supplementary Fig. S8. Photovoltaic (PV) panel spacing and light transmittance. As shown in Fig. S9b, the FOPV plant comprises 1 million hexagonal PV panels (length = 3 m per side) flexibly connected in a honeycomb structure. The PV panels are spaced 0.6 m apart, but this interval can be increased. Additionally, to avoid the effects of tsunamis and ocean currents, the system is installed at water depths ≥50 m and in areas with ocean currents ≤1 knot. This figure shows the PV panel spacing and light transmittance (assuming that 70 % of the space between PV panels is light-transmissive, accounting for light blockage by connectors), with light transmittance ranging from 0% to 45% in the spacing range of 0 m to 3 m. The impact of changes in light transmittance on ecosystems and environmental conditions varies significantly depending on the target time and space. For example, a light transmittance of 9% to 45% during the spring algal bloom period can have a significant impact in highly productive ocean areas. In less productive ocean areas during winter, the impact is likely to be minimal. To mitigate these impacts, it is necessary to conduct large-scale field trials to evaluate various environmental effects—such as impacts on marine primary production and the ecosystems that depend on it, changes in local ocean currents due to alterations in momentum flux at the sea surface, and changes in ocean stratification due to alterations in heat flux—and to explore mitigation measures. However, since FOPV plants occupy less than 1% of the area in equatorial waters, the overall impact on the ocean is limited.


Supplementary Table S1. Performance specifications of the floating offshore photovoltaic (FOPV) plant proposed in this study (see [7]). This table shows example performance specifications for FOPV based on an annual average global solar irradiance of 240 W/m2 in equatorial waters. By flexibly joining one million PV panels per unit to form a honeycomb structure, the system disperses and absorbs the complex impact forces exerted by waves and wind-driven waves. (see Fig. S1-2 and Table 1).
	[bookmark: _Hlk177113709]Parameter
	Value
	Unit and remarks

	FOPV structure
	 Four-layer honeycomb structure

	Length of a hexagon's side (Hpv)
	3
	m

	PV panel area (Spv)
	23.4
	m2, = 3(√3/2Hpv2)

	PV panel thickness (Hpv)
	60
	cm

	Number of PV panels in fine aggregate (Nfp)
	10
	PV panels

	Small aggregate capacity (Csa)
	10
	fine aggregates

	Medium aggregate capacity (Cma)
	100
	small aggregates

	Largr aggregate capacity (Cla)
	100
	medium aggregates

	Number of PV panels in FOPV (Nfopv)
	1,000,000
	PV panels, = Nfp･Csa･Cma･Cla

	Spacing between PV panels (Ppv)
	60
	cm

	FOPV area (Sfopv)
	28.3
	km2, = 3(√3/2(Hpv+Ppv/2)2)･Nfopv

	PV cell effective area of PV panel (Sepv)
	20.0
	m2

	Maximum all-sky solar radiation (Rmax)
	1,000
	W/m2

	Annual average all-sky solar radiation (Ravg)
	240
	W/m2

	PV module conversion efficiency (Epv)
	24.0 %
	

	PV panel nominal maximum output (Wpv)
	4.80
	kW, = Sepv･Rmax･Epv

	PV panel DC output voltage (Vpv)
	50.0
	V

	PV panel maximum output current (Apv)
	96.0
	A, = Wpv/Vpv

	Fine aggregate maximim output power (Wfa)
	48.0
	kW. = Wpv･Nfp

	Fine aggregate maximum output voltage (Vfa)
	±250
	V, for PID measures

	Fine aggregate maximum output current (Afa)
	96.0
	A, = Wfa/Vfa = Apv

	Small aggregate maximum output power (Wsa)
	480
	kW, = Wfa･Csa

	Small aggregate maximum output voltage (Vsa)
	±250
	V, = Vfa

	Small aggregate maximum output current (Sma)
	960
	A, = Wsa/Vsa

	DC-DC convertor efficence (Efs)
	96 %
	see Fig. S5.

	Medium aggregate maximum output power (Wma)
	46.1
	MW, = Wsa･Cma･Efs

	Medium aggregate maximum output voltage (Vma)
	±250
	kV, = Vsa･Cma

	Medium aggregate maximum output current (Ama)
	92.2
	A

	Large aggregate maximum output power (Wla)
	4.61
	GW, = Wma･Cla

	Large aggregate maximum output voltage (Vla)
	±250
	kV, = Vma

	Large aggregate maximum output current (Ala)
	9.22
	kA, = Wla/Vla

	FOPV operating rate (Rop)
	85 %
	for maintenance

	FOPV annual average power generation (Wfopv)
	940
	MW/plant, = Nfopv･Sepv･Ravg･Epv･Efs･Rop

	FOPV annual average current (Ifopv) 
	1.88
	kA, = Wfopv/Vla, Ala/Ifopv = 4.90

	FOPV annual power generation capacity (Pfopv)
	8.23
	TWh/plant, = Wfopv･(hours per year)


Abbreviations: floating offshore photovoltaic (FOPV), photovoltaic (PV)


Table S2. Example of construction time for an FOPV plant using AI-equipped transport and assembly robots (Fig. S2, Table S1, Table 1). An FOPV consisting of 1 million PV panels has a four-layer structure and is constructed using AI-equipped transport and assembly robots designed for each layer. Assuming an assembly time of 300 hours per layer, the bottom layer targets 100,000 fine aggregates. Since each fine aggregate consists of 10 PV panels and assuming an assembly time of 20 minutes per aggregate, 111 robots are required. If robots are allocated for the upper layers using the same approach, the FOPV plant can be constructed in 88 days. This group of robots can construct 42 FOPVs over 10 years, and 433 such groups would be sufficient to construct CFE2050 (36,161 FOPVs) over 20 years. However, robots for large aggregates can be shared among multiple FOPV plants. Note that assembly of the upper layer begins once one-quarter of the lower layer’s construction is complete. The daily working hours are 10 hours, and assuming a 60% annual availability rate to account for inclement weather and other factors.
	Processes
	Number of targets
	Number of robots
	Unit assembly time (min.)
	Total assembly time

	Assembly of fine aggregate
	100,000 
	111 
	20
	300 
	hours

	Assembly of small aggregate
	1,000 
	3.3 
	60
	300 
	hours

	Assembly of medium aggregate
	100 
	0.7 
	120
	300 
	hours

	Assembly of large aggregate
	1 
	0.013 
	240
	300 
	hours

	Construction days per FOPV plant
	
	88 
	days

	FOPV plants constructible within 10 years
	
	42 
	FOPVs

	Robot clusters required to achieve CFE2050
	
	433 
	clusters
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[bookmark: _Hlk191148368][bookmark: _Hlk177113558][bookmark: _Hlk189638719]Supplementary Table S3. Comparison of hydrogen energy carrier (HEC) characteristics with existing energy sources [45,46]. The energy density of uranium is more than 10,000 times that of fossil fuels; however, the issues with the disposal of nuclear fuels have yet to be solved. In addition, methanol has attracted attention as a carbon-neutral synthetic fuel, as it can be synthesized from H2, and CO₂ obtained from power plants and the atmosphere. However, the combustion of synthetic fuels results in the emission of CO₂ into the atmosphere. As energy consumption increases (see Fig. 1a), if synthetic fuels are produced as a substitute for fossil fuels, 42 Gt and 60 Gt of CO₂ will require CDR by 2050 and 2100, respectively. Furthermore, to return the temperature rise to 1960s levels by 2100, these amounts must be added to the CDR volumes specified in Scenarios 1–3. The HECs listed in the table below offer a fundamental solution to these challenges. There are four types of HECs: high-pressure hydrogen gas (H2), liquid hydrogen (LH2), liquefied ammonia (LNH3), and methylcyclohexane (MCH). Among these, LNH3 has the highest volumetric and mass energy density, and as the leading candidate, research on its practical application as a fuel is currently underway worldwide.
	[bookmark: _Hlk203573769]Hydrogen energy carriers
	Volumetric energy density
	Mass energy density
	Storage conditions
	Long-term storage
	Remarks

	High pressure hydrogen gas (H2)
	△  767/1,200 Wh/L
	◎ 32,900 Wh/kg
	△ 35/70 MPa
	△
	△ Highly flammable, explosive

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

	Fuel liquefied ammonia (LNH3)
	〇      3,960 Wh/L
	〇  5,810 Wh/kg
	◎ Room temp, 0.86 MPa
	◎
	△ Acute toxicity, 〇 Many achievements

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

	(ref.) Liquefied natural gas (LNG)
	◎      6,977 Wh/L
	◎ 15,167 Wh/kg
	✖ －161.5 ℃
	△
	✖ CO2 emissions

	(ref.) Crude oil
	◎     10,628 Wh/L
	◎ 12,541 Wh/kg
	◎ Room temperature
	◎
	✖✖ Large amount of CO2 emissions

	(ref.) Coal
	◎      9,972 Wh/L
	〇  7,150 Wh/kg
	◎ Room temperature
	◎
	✖✖ Large amount of CO2 emissions

	(ref.) Li-ion secondary battery
	✖       520 Wh/L
	✖    201 Wh/kg
	◎ Room temperature
	✖
	✖ Lithium is a rare and expensive metal

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


[bookmark: _Hlk177113865]Note: The symbols ◉, ◎, 〇, △, ✖, ✖✖, and ✖✖✖ in table represent good to bad quality from left to right. Abbreviation: Hydrogen Energy Carrier (HEC).



[bookmark: _Hlk195706437][bookmark: _Hlk195722519][bookmark: _Hlk190954546][bookmark: _Hlk189638872]Supplementary Table S4. Numerical analysis of liquefied ammonia (LNH3) pipeline transport performance. This table shows a numerical analysis of LNH3 pipeline transport characteristics using the Goal Seek function in Microsoft Excel. This method incorporates variable values from the analysis results, along with standard reference values.
	[bookmark: _Hlk177113908][bookmark: _Hlk189638961]Parameter
	Variable value
	Unit
	Reference value
	Remarks

	Safety factor (SF)
	1.50 
	
	1.5
	

	Ambient temperature for pipe burial (T)
	35 
	 ℃
	35
	See Fig. S7a

	Dynamic viscosity of LNH3 (σ) 
	1.29E-04
	 Pa･s
	1.29E-04
	Pa･s = kg/(m･s), see Fig. S7b

	Density of LNH3 (ρ)
	601 
	 kg/m3
	601 
	See Fig. S7c

	Kinematic viscosity of LNH3 (ν)
	2.16E-07
	 m2/s
	2.16E-07
	= σ/ρ

	Speed of moving fluid (V)
	2.07 
	 m/s
	2.07 
	

	Inner diameter of pipe (ID)
	0.532 
	 m
	0.532
	Sch160

	Reynolds number (Re)
	5.11E+06
	
	5.11E+06
	= V･ID/ν

	Cross section area of pipe (A)
	0.445 
	 m2
	0.445 
	= πID2/2

	Pipe inner surface roughness (ε)
	0.150 
	 mm
	0.150 
	Steel pipe in use (uniform rust) condition

	Coefficient of pipe friction (λ)
	0.0149 
	
	0.0149 
	1/√λ+2 log(ε/3.71*ID+2.51/Re√λ) = 0

	LNH3 flow rate (Q)
	0.921 
	 m3/s
	0.922 
	= A･V

	LNH3 flow rate per day (Qw)
	47,836 
	 tons/day
	47,879 
	= ρQ*3600*24/1000

	Velocity head (Hv)
	0.219 
	 m
	0.219 
	= V2/2g

	Applied pressure (Pa)
	12.9 
	 MPa
	12.9 
	= design pressure*2/3

	Pressure head (Hp)
	2,190 
	 m
	2,190 
	= P/(ρg)

	Pipe length between relay pumps (L)
	300 
	 km
	300 
	

	Difference in elevation (ΔH)
	0 
	 m
	0
	ΔHp = ΔH･ρg

	Pressure loss (ΔP)
	10.9 
	 MPa
	10.9 
	= λL/d･ρV2/2

	NH3 liquid sustaining pressure (Pr)
	2.05 
	 MPa
	2.05 
	Vapor pressure at T ℃ x 1.5, see Fig. S7a

	Pressure pump efficiency (η)
	90 %
	
	90 %
	Energy conversion efficiency without fevering

	Pressure pump energy (Ep)
	13.2 
	 MW
	13.2 
	= (Hv+Hp)･Qρg/η, here g = 9.8 m/s2

	Annual average power generation of FOPV (Wfopv)
	940 
	 W/plant
	940 
	Average annual power generation of FOPV

	Electricity-to-LNH3 conversion efficiency (Eas)
	74.0 %
	
	74.0 %
	Including nitrogen air separation efficiency

	Daily production of LNH3 by FOPV (Qpv)
	2,593 
	 tons/day
	2593 
	= Wfopv･Eas･Esc･Edc/5,810 Wh/kg, see Fig. S3

	Number of FOPV plants per pipeline (Npv)
	18.4 
	 FOPVs
	18.4 
	= Qw/Qpv

	FOPV load factor of pumping energy (η)
	0.114 %
	
	0.114 %
	= Ep/(Wfopv･Eas･Esc･Edc) for 300 km, see Fig. 3


Abbreviations: floating offshore photovoltaic (FOPV), photovoltaic (PV), ammonia (NH3), liquefied ammonia (LNH3)


Supplementary Table S5. Continental modeling conducted for this study. This table models four continents—Eurasia, North and South America, and Africa—as targets for energy transport in order to assess resource depletion. The modeled continents are rectangular regions extending from the equatorial zone to high-latitude regions.
	Item
	Value
	Unit
	Remarks

	Area of modelled continent (Amc)
	1.27E+08
	 km2
	85.2 % of the total land area

	Population of modelled continent (Pmc)
	6.44E+09
	 persons
	99 % of the world’s population

	Average population density (Pad)
	50.9 
	 ersons/km2
	= Pmc/Amc

	East-west distance of modelled continent (Lew)
	31,675 
	 km
	= Amc/Lns

	Latitudinal distance of modelled continent (Lns)
	4,000 
	 km
	




Supplementary Table S6. Resources for submarine high-voltage direct current (HVDC) cables used for connecting the floating offshore photovoltaic (FOPV) plants and landing stations. The reserves of copper (Cu) and aluminum (Al) required for the manufacture of submarine cables (two cables, one for the positive pole and one for the negative pole) required to transmit the CFE2100 generated in equatorial waters to land from the FOPV plant were evaluated. Note that the power from the FOPV is not smoothed to avoid overloading the FOPV. Consequently, Cu accounted for 19.6% of the resource consumption, whereas Al accounted for 3.3%. Notes: The voltage drop and conductor cross-sectional area calculations were performed using established formulas [49].
	Item
	Copper
	Aluminum
	Unit
	Remarks

	Average submarine cable length (Lsma)
	300
	300
	 km
	An average cable length was assumed to be 300 km

	Number of submarine cables (Nsmc)
	51,840
	51,840
	 cables
	FOPVs for CFE2100

	Maximum transmission voltage (Vsmx)
	500
	500
	 kV
	

	Maximum transmission current (Ismx)
	9.22 
	9.22 
	 kA
	Transmission without leveling

	Power transmission loss (Msc)
	5 %
	5 %
	
	

	Conductor diameter (Dsmc)
	67.8 
	90.1 
	 mm
	Copper is next to sliver, and aluminum is next to copper

	Submarine cable conductor weight (Wsmc)
	2.12E+04
	1.04E+04
	 tons
	Copper and aluminum have specific gravities of 8.96 and 2.71 g/cm3, respectively

	Total conductor weight (Wtsc)
	1.10E+09
	5.38E+08
	 tons
	= Nsmc･Wsmc

	Conductor reserves [28] (Rcdc)
	5.60E+09
	1.65E+10
	 tons
	Estimated copper resources, including undiscovered reserves

	Total conductor weight/reserves (ξsrc)
	19.6 %
	3.3 %
	
	Aluminum is the best conductor for submarine cables


Abbreviations: floating offshore photovoltaic (FOPV)


[bookmark: _Hlk191064643][bookmark: _Hlk177113944]Supplementary Table S7. Resources for liquefied ammonia (LNH3) pipelines and high-voltage direct current (HVDC) grids in intracontinental energy transport. This table shows estimates of utilization rates and lifespan of key mineral resources in HVDC and LNH3 transport networks. Each trunk pipeline and HVDC power line was assumed to transport energy from 18.4 FOPV power plants.
	[bookmark: _Hlk208845556]Item
	HVDC grid
	LNH3 pipeline network
	Unit
	Remarks

	Average west–east spacing (Swe)
	11.3 
	11.3
	 km
	= Lew/Npp

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

	Total energy transport length (Ltt)
	1.17E+07
	1.17E+07
	 km
	= Lew/Swe･Lns+Lns/Sns･Lew

	Transmission voltage (Vtx)
	500 
	－
	 kV
	TES efficiency = 90 %, see Table S10

	Average transmission current (Itx)
	31.2 
	－
	 kA
	Vtx･Itx･Npv･Etes･(hours/year) = 137 TWh/year

	LNH3 flow rate (Qw)
	－
	47,836
	tons/day
	Qw･EDNH3 (= 5,810 Wh/kg)･(days/year) = 101 TWh/year

	Transmission media
	Aluminum
	Steel
	
	

	Transmission unit length (Ltu)
	1,000 
	300
	 km
	

	Energy loss over Ltu (Mtu)
	5.00 %
	0.11 %
	
	

	Transmission material diameter (Dtm)
	303 
	ID: 532
	 mm
	Pipe OD: 660 mm

	Material weight over Ltu (Wmu)
	3.90E+05
	2.84E+05
	 tons
	Specific gravity: Al = 2.72 g/cm3, Fe = 7.87 g/cm3

	Total material weight (Wtm)
	9.10E+09
	8.56E+09
	 tons
	= Wmu･Ltt/Ltu×2 ways in HVDC grid

	Material reserves [28] (Rmt)
	1.63E+10
	2.30E+11
	 tons
	Suppose that aluminum reserves are 1/4 of bauxite reserves

	Resource usage rate (Wtm/Rmt) (Umr)
	56.0 %
	3.7 %
	
	LNH3 pipeline can transport carbon-free energy worldwide

	Total energy loss over Lns (Mel)
	20.0 %
	1.52 %
	
	= Mtu･Lns/Ltn

	Lifespan [47]
	40－50
	50－60
	years
	Proper maintenance is required. The control unit's lifespan is less than half.

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


Abbreviations: high-voltage direct current (HVDC), liquefied ammonia (LNH3)


[bookmark: _Hlk203995046][bookmark: _Hlk195722625]Supplementary Table S8. Earth’s energy balance due to the installation of FOPVs. Installing FOPV plants could increase the difference in reflected solar energy (Dsre) between with and without FOPV by 155 PWh. The FOPV plants could reduce the difference in solar energy absorbed by the ocean (Doae) by -367 PWh, cooling the ocean beneath the FOPV model. However, the electricity generated by the FOPV plant (Pbfv) of 416 PWh in 2100 would be released as thermal energy through various processes. Thus, the change in the Earth’s energy balance due to FOPV installation (Eeb) is -106 PWh, resulting in a decrease of -0.024 W/m² in radiative energy globally. This decrease in radiative energy would function to cool the Earth, but the amount would be negligible.
	Parameter
	Value
	Unit and remarks

	Solar radiation energy to FOPVs in 2100 (Refv)
	2486 
	PWh, = Spv･Nfopv･Ravg･Nfv (Nfv in Table 1)

	Power generation energy of FOPVs in 2100 (Pbfv)
	416 
	PWh, = Refv･Sepv/Spv･Epv･Efs･Rop, see Table S1)

	G-NH3 hydrogen energy in 2100 (Phe)
	285 
	PWh, CFE2100 in Table 1

	Solar radiation reflected by the FOPVs in 2100 (Rsr)
	404 
	PWh, = Refv･((Spv-Sepv)/Spv･65%+Sepv/Spv･8%), see Table1 and Table S1

	Solar radiation reflected energy by the ocean without FOPV plant (Rnfv)
	249 
	PWh, = Refv･10%

	Difference in solar reflected energy with and without FOPV plant (Dsre)
	-155 
	PWh, = Rnfv - Rsr

	Ocean absorption energy in 2100 with FOPV plant (Oae)
	1870 
	PWh, = Refv･92% - Pbfv

	Ocean absorption energy in 2100 without FOPV plant (Oanpv)
	2237 
	PWh, = Refv･90%

	Difference in ocean absorbed energy with and without FOPV plant (Doae)
	-367 
	PWh, = Oae - Oanpv

	Changes in Earth’s energy balance due to FOPV plant installation (Eeb)
	-106 
	PWh, = Pbfv+Dsre+Doae

	Decrease in radiant energy at the Earth’s surface by 2100
	-0.024 
	W/m2, = Eeb/Esfa/(hours per year), Esfa = 510 million Km2


Abbreviations: floating offshore photovoltaic (FOPV)


Supplementary Table S9: Verification of radiative forcing for shared socioeconomic pathways (SSP) scenarios based on the Earth’s energy balance. This table presents the results of a validation study using NASA’s global energy balance data to verify the validity of the numerical analysis model used in this study. The difference between the two was 0.0 °C [−0.1–0.1 °C].
	[bookmark: _Hlk205651168]Parameter
	Value
	Unit and remarks

	Absorption of solar radiation by Earth’s surface (Ias)
	163.3 
	W/m2, see Earth’s energy budget by NASA

	Back radiation from greenhouse gasses (Ibg)
	340.3 
	W/m2, see Earth's energy budget by NASA

	Emission from the Earth’s surface (Oes)
	398.2 
	W/m2, see Earth's energy budget by NASA

	Thermals (conduction/convection) (Otm)
	18.4 
	W/m2, see Earth's energy budget by NASA

	Latent heat (change of state) (Olh)
	86.4 
	W/m2, see Earth’s energy budget by NASA

	Incoming solar radiation to Earth’s surface (Iic)
	503.6 
	W/m2, = Ias+Ibg

	Outgoing from Earth’s surface (Osf)
	503.0 
	W/m2, = Oes+Otm+Olh

	Difference in incoming and outgoing radiation (Dio)
	0.6 
	W/m2, = Iic-Osf

	Temperature prediction from Dio between 2000 and 2009 (Tdio)
	0.9 [0.6–1.2]
	℃

	Average actual surface temperature rise between 2000 and 2009 (Taar)
	0.9 [0.7–1.0]
	℃, calculated by numerical analysis

	Difference in best estimates of Tdio and Taar (Dioa)
	0.0 [-0.1–0.1]
	℃




Supplementary Table S10. Comparison of energy storage methods [39,40]. This table compares the characteristics of energy storage methods used to smooth out significant fluctuations in the output of renewable energy systems: a battery, b CAES, c TES, and d LNH3. Methods a to c are used to smooth out fluctuations in TCE. In contrast, LNH3 has a much higher energy density than a to c, enabling the transport and storage of large amounts of energy over long distances via pipelines.
	[bookmark: _Hlk206341630]Type of energy storage
	Energy density
	Efficiency (%)
	Remarks

	(a) Battery
	Li-ion secondary
	700 Wh/L
150–250 Wh/kg
	90–95
	Longer (5–10 years or more) lifespan and higher upfront cost.

	
	lead-acid
	60–110 Wh/L
30–50 Wh/kg
	80–90
	Shorter (3–5 years) lifespan and lower upfront cost.

	(b) CAES
	4–32 Wh/L
	70–80
	Energy is stored in underground caverns and porous layers, enabling grid-scale energy storage.

	(c) TES
	50–600 Wh/L
	70–90
	Stores excess energy and releases it as needed to compensate for the intermittent nature of renewable energy sources.
Energy density varies widely depending on the energy storage material. Summer heat can be stored for heating in winter.

	(d) LNH3
	3,960 Wh/L
5,810 Wh/kg
	74
	As an HEC, it has high energy density. The energy storage material itself can be transported over long distances via pipelines, with little energy loss. See Table S2.


Abbreviations: Compressed air energy storage (CAES), Liquefied ammonia (LNH3), hydrogen energy carrier (HEC), Thermal energy storage (TES) 
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