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Supplementary Text
[bookmark: _Toc235551821]S1. Global spacecraft growth and future projections
Our results show that 18,305 spacecraft were launched between 1957 and 2023, with a cumulative launched mass of 23.7 kt. Independent tallies for 2025 corroborate the scale of activity: the United Nations Office for Outer Space Affairs (UNOOSA) online index lists ~21,289 objects launched into outer space (accessed 20 August 2025);1 the European Space Agency (ESA)’s DISCOSweb live dashboard reports ~22,740 satellites placed into Earth orbit as of 23 July 2025;2 and the U.S. Space Force (USSF) Space-Track catalog records ~22,055 payloads (in orbit plus decayed) as of 20 August 2025.3 Based on our results (Figure 4A), we estimate a cumulative total of ~20,700 ± 3,480 spacecraft launched by 2025. Differences across sources are expected, in part because international registration can lag: the UN Registration Convention requires States to furnish launch and orbital data “as soon as practicable,”4 not on a fixed timetable, and empirical audits document delays from months to years, with occasional cases exceeding a decade.5,6 Recent legal analyses likewise note persistent compliance and process gaps, particularly for rideshare and multi-party missions.7 Counts are further complicated by limited public disclosure for military and defense-related payloads.6 Nevertheless, the close convergence of independent tallies supports the robustness of our dataset compilation and results.
In the near future, the 2030 estimate from our model (25,500 ± 4,700 units) is consistent with the Base scenario of McKinsey & Company, which forecasts approximately 27,000 satellites by that year.8 In comparison, the U.S. Government Accountability Office (GAO) reported approximately 5,500 satellites in orbit as of 2022, with projections for an additional 58,000 launches by 2030, mostly due to commercial operators, low costs, and ambitious mega-constellation deployment plans filed with the US Federal Communications Commission.9 This would result in a total of about 63,500 satellites, predominantly in LEO. Our projection is therefore conservative relative to this higher-growth scenario. We found no primary source projecting satellite numbers to 2040. Notably, we found that several news and even scientific articles state that over 60,000 satellites are expected by 2040; however, this figure originates from the US GAO estimate for 2030 and has been repeatedly misattributed and misused.10,11 Our projections for the future satellite population are consistent with announced deployment plans from major constellation programs, including Starlink (~42,000 satellites),12 Amazon Kuiper (~3,200),13 OneWeb (~6,400),14 and Guowang (~13,000).15
Projections in this study indicate that cumulative spacecraft will reach 112,000 ± 3,800 by 2050, which is about a sixfold increase over the next 25 years. The corresponding cumulative launched mass rises twice, from 23.7 kt (through 2023) to approximately 46 kt by 2050. To our knowledge, no prior peer-reviewed study has quantified the embodied materials of the global spacecraft fleet from the start of the Space Age through mid-century. Most related work instead quantifies the orbital-debris environment and its composition.16 Operational debris models (NASA ORDEM; ESA MASTER) likewise project debris populations and fluxes through 2050 to support risk assessment, but they do not quantify materials embodied in active spacecraft.17,18 While essential for design and safety, these strands do not provide a sector-wide accounting of materials or their evolution by size class and subsystem. By assembling a historical dataset (1957–2023) and projecting to 2050, our analysis fills this gap and reframes spacecraft not only as orbital assets but as a measurable and policy-relevant material system. This level of historical and forward-looking material accounting, capturing size-class evolution, subsystem composition, and technology transitions, provides a degree of resolution not achieved in previous global assessments. Quantifying the embedded materials and metals in this way is a critical step toward understanding the resource implications of space activities, identifying which materials face the greatest pressure, and estimating the scale of resources that are irreversibly lost to space. These insights, in turn, can inform the design of circular-economy strategies, end-of-life management frameworks, and governance interventions aimed at aligning space-sector growth with long-term planetary sustainability.
[bookmark: _Toc235551822]S2. Spacecraft end-of-life and environmental challenges
Regarding the end-of-life (EoL) of satellites in orbit, there are typically three possible outcomes: controlled or uncontrolled atmospheric reentries, post-mission disposal into graveyard orbits, and non-disposal.19-21 Controlled re-entry is commonly employed for satellites in LEO, using remaining onboard fuel to decelerate the spacecraft and guide it back into Earth’s atmosphere, where it typically disintegrates due to aerodynamic heating. However, larger spacecraft may not fully burn up during re-entry, and surviving debris can reach the Earth's surface, often targeted toward remote regions such as the designated area in the South Pacific Ocean.22 Uncontrolled re-entries occur without active guidance, typically due to fuel exhaustion, system failures, or loss of contact. In some cases, surviving macroscopic fragments can fall anywhere within the latitude band defined by the orbital inclination of the re-entering object, which may include inhabited regions, posing risks to people and property on the ground.21-23 For spacecraft operating in higher orbits, such as MEO and GEO, deorbiting is generally infeasible due to the substantial fuel requirements and associated costs. Instead, a post-mission disposal (PMD) strategy is implemented, whereby spacecraft are maneuvered into a graveyard orbit—a stable orbital region located approximately 36,050 km above the Earth's surface (about 300 km beyond GEO).19,22 While graveyard orbits are widely associated with GEO spacecraft, similar strategies are also recommended and increasingly applied to MEO satellites to minimize collision risks and prevent the generation of space debris.24 The third scenario occurs when a satellite cannot perform either deorbiting or PMD due to system failure, collision, or other anomalies. In this case, the satellite transitions into space debris, remaining indefinitely in orbit and contributing to the growing population of inactive objects. This scenario is of particular concern as it not only reflects a total loss of mission control but also increases the risk of cascade collisions (e.g., Kessler Syndrome).25,26 As the orbital environment becomes increasingly congested, minimizing non-disposed objects is critical for the sustainability of future space operations.
The EoL outcomes for spacecraft (graveyard orbits, uncontrolled abandonment, or atmospheric reentry) result in the permanent loss of their materials. Our analysis shows that spacecraft have already consumed ~23.7 kt of materials between 1957 and 2023, with cumulative demand projected to reach ~46 kt by 2050. Currently, approximately 45% of all spacecraft have either been destroyed upon reentry or stranded in graveyard orbits,2 ensuring that aluminum, copper, lithium, cobalt, REEs, and other metals are irreversibly dissipated into the stratosphere or locked beyond retrieval. When a spacecraft disintegrates upon reentry into the stratosphere, it disperses a multitude of chemicals and metals.27,28 Recent studies indicate that about 10% of stratospheric aerosol particles contain aluminum, copper, lithium, and other metals originating from the burn-up of satellites and rocket stages during re-entry,27 and rocket emissions in the upper atmosphere exhibit nearly 500 times the warming potential of surface or aviation sources.29 With the rapid rise of SmallSat launches, as seen in the last years (Figure 1A–B), it is projected that up to half of stratospheric sulfuric acid particles could incorporate metals within decades, though the implications for stratospheric processes remain uncertain.27 Rocket exhaust further contributes to ozone depletion, circulation changes, ecosystem toxicity, human health risks, and degradation of wildlife and vegetation.30 A recent life-cycle analysis of annual global space activities shows that launch emissions, spacecraft material production, and orbital operations currently produce minimal but measurable impacts on climate forcing, ozone chemistry, and upper-atmospheric heating, these effects are expected to become significant as space activities continue to scale.31 Such atmospheric changes could trigger unforeseen consequences for life on Earth. It is therefore essential to monitor, characterize, quantify spacecraft (as undertaken in this study), and to investigate their effect in greater detail.
[bookmark: _Toc235551823]S3. Material competition and bottleneck effects
Translating spacecraft metal demand into clean-energy-equivalent deployment further reveals that resource competition is governed not by total material volumes, but by the availability of specific bottleneck elements. Despite the relatively modest aggregate metal demand of spacecraft, the corresponding material requirements could alternatively support on the order of ~13,000 electric vehicles, ~1.4 GW of solar PV capacity, or ~40–45 MW of wind capacity, depending on the technology considered. In all cases, deployment potential is constrained by a single limiting material, lithium for electric vehicles, silicon for solar PV, and zinc or rare earth elements for wind, highlighting that system-level outcomes are dictated by the scarcest components rather than the total metal mix.
This bottleneck-driven behavior has important implications for the energy transition. As emphasized by the IEA, future clean-energy deployment is increasingly dependent on a narrow set of critical minerals, many of which exhibit supply concentration, by-product dependency, and long project development timelines32,33. In such systems, even relatively small additional demands such as those associated with spacecraft expansion, can exert disproportionate marginal pressure on supply chains, particularly for materials like lithium, rare earth elements, and nickel. While spacecraft are unlikely to become a dominant driver of global metal demand, their growing reliance on these strategically important elements suggests that cross-sectoral competition may intensify under sustainability-aligned pathways.
More broadly, these findings emphasize that the sustainability of emerging technologies cannot be assessed solely on the basis of total material consumption. Instead, attention must be directed toward material specificity, supply chain constraints, and the environmental intensity of individual elements. In this context, the expansion of the space sector represents not only a question of scale, but also of composition, where the choice and sourcing of critical materials will play a central role in shaping its long-term environmental and resource implications.

[bookmark: _Toc235551824]S4. Resource competition in a mineral-constrained energy transition
The transition to low-carbon energy systems is widely recognized as mineral-intensive, requiring unprecedented quantities of metals for renewable energy, electrification, and energy storage technologies.33-36 Crucially, the materials required for spacecraft overlap significantly with those needed for the energy transition. Copper is essential for both spacecraft electronics and electrical grids; lithium, cobalt, and nickel underpin batteries in both satellites and electric vehicles; and rare earth elements are critical for advanced electronics and wind turbines. This overlap creates a shared demand base across sectors that are simultaneously expanding.
While spacecraft demand alone is unlikely to constrain global supply, it becomes significant when considered within a resource-constrained system characterized by rapid demand growth and limited supply flexibility. Critical mineral supply chains are highly concentrated, with a small number of countries dominating production and processing, increasing vulnerability to geopolitical disruptions.32,36,37 Recent analyses show that space infrastructures are tightly coupled to extractive systems, reinforcing existing global inequalities and systemic vulnerabilities.38 At the same time, satellite manufacturing is increasingly exposed to geopolitical concentration, with critical refining and processing capacities, particularly for REEs, gallium, germanium, and specialty alloys, controlled by a limited number of countries.39 Environmental constraints may further limit the expansion of mining, especially in regions with high ecological sensitivity or stringent regulatory frameworks.40
In this context, spacecraft materials constitute an additional demand on mineral systems already under pressure from the low-carbon transition.33,34,41 The importance of this interaction lies not in its absolute magnitude, but in its systemic character: even relatively small increments in demand can exacerbate supply bottlenecks when multiple sectors depend on the same constrained resources. This is particularly relevant for by-product metals such as indium and gallium, where supply is inherently limited by the production of host metals.42 Moreover, the temporal alignment of demand is critical. Both spacecraft deployment and energy-transition technologies are projected to scale rapidly over the same period (2025–2050), increasing the likelihood of synchronized demand peaks. Under sustainability-oriented scenarios that constrain mining expansion, this overlap could intensify supply risks and potentially delay decarbonization efforts.35 These findings reinforce the need to integrate the space sector into critical mineral governance frameworks, which have thus far focused primarily on terrestrial technologies. Failure to account for space-related demand risks underestimating future resource pressures and misaligning policy responses.

[bookmark: _Toc235551825]S5. Circular governance of spacecraft materials
Efforts to manage the growing burden of space waste have increasingly focused on in-orbit servicing (IOS), including refueling, repairs, debris removal, and recycling. Europe’s Clean Space initiative is targeting its first in-orbit servicing mission for 2028,43 while China’s Shijian-21 has already demonstrated debris towing.44 In contrast, NASA’s OSAM-1 refueling mission was cancelled in 2024 due to cost overruns.45 While such initiatives can extend spacecraft lifespans and reduce debris generation, they do not address the deeper challenge of irreversible material loss from Earth to space. Recent work on the circular space economy highlights that IOS, by itself, is insufficient for closing material loops: current missions are designed primarily for orbital safety rather than material recovery; no operational pathway exists to return materials to Earth; and the energy and logistical requirements of on-orbit recycling remain prohibitive.46 As a result, even an ideal IOS ecosystem would only slow, rather than prevent, the depletion of critical metals embedded in spacecraft.
Our results indicate that by 2050, the cumulative material embodied in spacecraft could more than double relative to today, with no established pathways for recovery or reuse. This future fleet will require several thousand tonnes of metals, dominated by aluminum, copper, and nickel, alongside smaller yet strategically critical quantities of cobalt, lithium, gallium, indium, REEs, and others. Recent assessments reveal that orbital debris already contains metallic stocks of comparable magnitude, particularly aluminium, titanium, steel alloys, and copper from derelict satellites and upper stages.16 Emerging demonstrations of in-space recycling and additive manufacturing show the technical feasibility of converting debris into functional structural components, creating opportunities to partially substitute virgin materials and reduce dependence on launch-intensive supply chains.47,48 However, debris reservoirs are highly uneven: while they hold substantial volumes of high-mass structural metals, they contain only trace amounts of critical and energy-transition materials, which remain scarcely represented in legacy spacecraft. Consequently, in-orbit recycling could realistically contribute to meeting demand for aluminium, steel, titanium, and copper, but cannot offset requirements for the full suite of metals needed for next-generation space systems. A forward-looking governance strategy must therefore integrate material-efficient spacecraft design, targeted debris harvesting, and responsible terrestrial supply-chain management to reduce long-term resource pressures as orbital infrastructure expands.
Addressing the challenge of EoL spacecraft and space debris will require a shift from short-term mitigation toward circular-economy strategies that prioritize reduce, reuse, and recycling at scale.46 Without such measures, the space sector risks replicating the extractive, linear trajectory of e-waste management on Earth— locking away or dissipating vast quantities of critical metals at a time when they are urgently needed for the global energy transition. IOS initiatives, including refueling, repairs, and debris removal, mark an important step,43,46,49 but durable solutions demand deeper knowledge of spacecraft material composition, standardized data infrastructures, and internationally enforceable regulation. The implications extend well beyond aerospace: safeguarding orbital environments intersects directly with climate and energy policy, as unaddressed material losses could intensify pressure on terrestrial supply chains and complicate decarbonization efforts. Embedding material stewardship into space governance is therefore essential not only for sustainable expansion into orbit but also for securing the critical resources required for life on Earth.
[bookmark: _Toc235551826]S6. Examples of spacecraft classification
Spacecraft design is inherently mission-specific, with mass, dimensions, orbit type, and configuration tailored to fulfill each mission’s objectives. Over the decades, spacecraft mass have drastically changed from small satellites in its origins such as Sputniks (84 kg), Vanguards (1.5 kg), Explorers (14 kg) to the International Space Station (450 t), the biggest spacecraft ever launched, assembled over a decade by 15 nations.50 In recent years, small satellites (SmallSats), spacecraft with masses <500 kg have revolutionized the spacecrafts’ industry.51 Among the SmallSats, CubeSats, satellites built in standard units of 10 cm × 10 cm × 10 cm cubes (called 1U) with a typically weigh of 1—10 kg, have been a disruptive innovation in the satellite industry.52 Originally conceived for educational purposes in 1999, the CubeSat market has experienced exponential growth in recent years due to their compactness, rapid development, modular design, versatility, and cost-effectiveness. Since 2020, over 90% of all launched satellites have been SmallSats, with an average of 1,732 SmallSats and 107 larger satellites during the 2020-2022 period.51 The notable rise in SmallSat numbers can be primarily attributed to the deployment of satellite constellations, a group or network of artificial satellites working together in coordination to achieve specific objectives. Examples include the Global Positioning System (GPS) for navigation, the Iridium constellation for global satellite phone communication, and constellations offering broadband internet services such as Starlink and OneWeb. These constellations have collectively launched 7,57812 and more than 63014 satellites by May 2025, respectively, contributing significantly to the surge in satellite deployments. These figures are expected to increase rapidly with the integration of satellites from Project Kuiper and Starlink in the coming years. Project Kuiper, a competitor to Starlink, envisions the deployment of 3,236 satellites, with the first 27 production satellites launched into space in April 2025.13 Meanwhile, Starlink has ambitious plans to launch 12,000 satellites soon, with the potential to extend this number to a staggering 42,000 satellites.12 This rapid proliferation of satellites is evident, yet the materials embodied in these spacecraft and their broader implications for resource demand and sustainability, remain largely unexamined.
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[bookmark: _Toc235551848]Figure S1. Spacecraft mass by year: (A) total mass, (B) average mass, and (C) by orbit.
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[bookmark: _Toc235551849]Figure S2. Number of satellites launches: (A) by year, and (B) by orbit.




[bookmark: _Toc235551889]Table S1. Spacecraft launches per year, orbit and average and cumulative mass.

	Year
	LEO
	MEO
	GEO
	HEO
	Total annual
	Cumulative
	Average of mass

	 
	t
	t
	t
	t
	t
	kt
	Kg

	1957
	0.59
	0.00
	0.00
	0.00
	0.59
	0.00
	197.8

	1958
	6.75
	0.01
	0.00
	1.20
	7.96
	0.01
	284.2

	1959
	7.13
	0.00
	0.00
	1.88
	9.01
	0.02
	346.5

	1960
	41.95
	0.00
	0.00
	2.41
	44.35
	0.06
	1056.0

	1961
	56.19
	3.60
	0.00
	12.85
	72.64
	0.13
	1274.3

	1962
	86.63
	3.80
	0.00
	6.24
	96.67
	0.23
	1017.6

	1963
	58.15
	6.00
	0.14
	5.04
	69.33
	0.30
	779.0

	1964
	168.67
	0.00
	0.07
	6.11
	174.85
	0.48
	1494.4

	1965
	220.53
	0.14
	0.06
	14.21
	234.94
	0.71
	1350.2

	1966
	273.56
	0.87
	0.48
	7.77
	282.69
	0.99
	1734.3

	1967
	186.11
	1.59
	0.81
	50.01
	238.52
	1.23
	1454.4

	1968
	263.43
	1.99
	0.45
	94.72
	360.60
	1.59
	2388.0

	1969
	278.02
	2.05
	1.49
	372.11
	653.67
	2.25
	4539.4

	1970
	269.96
	1.65
	2.65
	60.51
	334.77
	2.58
	2461.6

	1971
	309.96
	1.40
	4.25
	200.67
	516.28
	3.10
	3148.0

	1972
	303.91
	0.81
	4.30
	186.20
	495.22
	3.59
	3588.5

	1973
	471.53
	0.35
	6.56
	102.25
	580.69
	4.17
	3977.3

	1974
	369.16
	0.00
	13.84
	11.27
	394.27
	4.57
	2836.5

	1975
	353.17
	1.40
	14.85
	44.46
	413.88
	4.98
	2554.8

	1976
	383.84
	0.41
	14.62
	7.10
	405.97
	5.39
	2521.6

	1977
	376.99
	1.13
	18.10
	4.09
	400.31
	5.79
	2839.1

	1978
	374.18
	4.69
	27.50
	8.30
	414.66
	6.20
	2468.2

	1979
	371.72
	0.34
	16.44
	2.53
	391.04
	6.59
	3008.0

	1980
	374.76
	0.76
	29.84
	2.84
	408.19
	7.00
	2776.8

	1981
	376.87
	5.07
	30.22
	16.61
	428.77
	7.43
	2663.1

	1982
	412.38
	1.42
	40.05
	4.94
	458.78
	7.89
	2903.7

	1983
	363.72
	7.24
	35.53
	17.37
	423.86
	8.31
	2682.6

	1984
	375.49
	6.32
	54.99
	18.74
	455.53
	8.77
	2711.5

	1985
	359.19
	4.54
	80.62
	11.96
	456.30
	9.22
	2834.1

	1986
	355.13
	1.42
	37.17
	9.88
	403.60
	9.63
	2745.6

	1987
	475.76
	2.83
	58.20
	2.44
	539.23
	10.17
	3964.9

	1988
	477.43
	4.25
	42.79
	16.30
	540.77
	10.71
	3890.4

	1989
	304.86
	17.92
	70.52
	13.78
	407.08
	11.12
	3107.5

	1990
	309.74
	21.00
	67.24
	10.39
	408.37
	11.52
	2505.4

	1991
	256.03
	3.28
	48.78
	8.28
	316.37
	11.84
	2292.6

	1992
	216.59
	14.14
	59.57
	8.52
	298.82
	12.14
	2316.4

	1993
	164.28
	12.47
	55.68
	8.28
	240.71
	12.38
	2208.4

	1994
	159.27
	6.24
	107.55
	11.99
	285.05
	12.66
	2375.4

	1995
	158.19
	4.30
	84.64
	13.34
	260.47
	12.92
	2604.7

	1996
	123.39
	5.69
	72.91
	23.62
	225.61
	13.15
	2278.9

	1997
	161.62
	24.06
	95.02
	15.58
	296.28
	13.45
	1863.4

	1998
	152.58
	4.02
	88.36
	5.12
	250.07
	13.70
	1359.1

	1999
	131.28
	6.53
	78.29
	9.96
	226.07
	13.92
	1603.3

	2000
	159.23
	10.75
	111.77
	14.69
	296.44
	14.22
	2390.7

	2001
	151.27
	14.61
	67.37
	5.57
	238.82
	14.46
	2745.0

	2002
	150.86
	1.99
	104.92
	5.11
	262.87
	14.72
	2796.5

	2003
	82.72
	8.93
	79.04
	8.39
	179.08
	14.90
	1946.5

	2004
	91.55
	16.33
	63.48
	7.57
	178.93
	15.08
	2323.8

	2005
	134.47
	6.88
	81.95
	5.21
	228.50
	15.31
	2967.5

	2006
	114.20
	8.30
	98.58
	6.68
	227.76
	15.54
	1997.9

	2007
	142.79
	14.36
	89.54
	2.25
	248.94
	15.78
	2091.9

	2008
	130.72
	11.51
	112.45
	5.38
	260.05
	16.04
	2476.7

	2009
	149.31
	5.71
	110.84
	9.22
	275.09
	16.32
	2166.1

	2010
	160.95
	15.47
	111.27
	9.39
	297.08
	16.62
	2320.9

	2011
	203.03
	14.71
	114.76
	14.80
	347.30
	16.96
	2535.0

	2012
	168.52
	8.64
	160.73
	2.00
	339.89
	17.30
	2445.3

	2013
	194.39
	10.79
	121.61
	4.29
	331.07
	17.63
	1554.3

	2014
	202.60
	13.55
	104.49
	9.07
	329.69
	17.96
	1106.4

	2015
	192.77
	9.12
	141.96
	0.63
	344.48
	18.31
	1275.9

	2016
	185.28
	13.52
	131.12
	1.53
	331.44
	18.64
	1479.7

	2017
	234.62
	7.11
	150.45
	12.26
	404.44
	19.04
	846.1

	2018
	225.47
	30.05
	112.62
	11.63
	379.77
	19.42
	820.2

	2019
	265.81
	15.48
	117.34
	4.33
	402.96
	19.83
	804.3

	2020
	449.51
	8.93
	92.26
	10.25
	560.95
	20.39
	435.2

	2021
	651.05
	3.76
	110.10
	17.87
	782.78
	21.17
	415.5

	2022
	957.37
	12.13
	102.00
	6.20
	1077.71
	22.25
	425.3

	2023
	1318.70
	12.83
	90.53
	17.39
	1439.45
	23.688
	499.1

	TOTAL
	17657.86
	461.135
	3945.75
	1623.572
	23688.32
	
	

	%
	74.54
	1.95
	16.66
	6.85
	100.00
	
	






[bookmark: _Toc235551890]Table S2. Total spacecrafts launched by nations from 1957 to 2023.

	Nation
	Quantity
	%

	USA
	10160
	55.4

	Russia
	3868
	21.1

	China
	1086
	5.9

	UK
	763
	4.2

	International
	604
	3.3

	Japan
	336
	1.8

	India
	151
	0.8

	Germany
	128
	0.7

	France
	105
	0.6

	Canada
	102
	0.6

	Italy
	85
	0.5

	Spain
	78
	0.4

	Argentina
	71
	0.4

	South Korea
	66
	0.4

	Israel
	56
	0.3

	Luxembourg
	55
	0.3

	Australia
	48
	0.3

	Saudi Arabia
	32
	0.2

	Brazil
	31
	0.2

	Turkey
	27
	0.1

	Switzerland
	26
	0.1

	Singapore
	25
	0.1

	Indonesia
	24
	0.1

	UAE
	23
	0.1

	Taiwan
	21
	0.1

	Sweden
	19
	0.1

	Iran
	19
	0.1

	Netherlands
	19
	0.1

	Norway
	18
	0.1

	Thailand
	16
	0.1

	Mexico
	16
	0.1

	Denmark
	16
	0.1

	Poland
	14
	0.1

	South Africa
	11
	0.1

	Egypt
	11
	0.1

	Finland
	10
	0.1

	Malaysia
	10
	0.1

	Ukraine
	10
	0.1

	Belgium
	9
	0.0

	Chile
	9
	0.0

	Kazakhstan
	9
	0.0

	North Korea
	8
	0.0

	Greece
	8
	0.0

	Bulgaria
	7
	0.0

	Vietnam
	7
	0.0

	Hungary
	7
	0.0

	Lithuania
	7
	0.0

	Philippines
	7
	0.0

	Czechoslovakia
	6
	0.0

	Czech Republic
	6
	0.0

	Pakistan
	6
	0.0

	Algeria
	5
	0.0

	Nigeria
	5
	0.0

	Romania
	4
	0.0

	New Zealand
	4
	0.0

	Peru
	4
	0.0

	Estonia
	4
	0.0

	Belarus
	4
	0.0

	Ecuador
	3
	0.0

	Austria
	3
	0.0

	Slovenia
	3
	0.0

	Colombia
	3
	0.0

	Venezuela
	3
	0.0

	Oman
	2
	0.0

	Angola
	2
	0.0

	Morocco
	2
	0.0

	Kuwait
	2
	0.0

	Ethiopia
	2
	0.0

	Nepal
	2
	0.0

	Latvia
	1
	0.0

	Uruguay
	1
	0.0

	Turkmenistan
	1
	0.0

	Moldova
	1
	0.0

	Portugal
	1
	0.0

	Monaco
	1
	0.0

	Tunisia
	1
	0.0

	Armenia
	1
	0.0

	Rwanda
	1
	0.0

	Djibouti
	1
	0.0

	Qatar
	1
	0.0

	Myanmar
	1
	0.0

	Azerbaijan
	1
	0.0

	Slovakia
	1
	0.0

	Ireland
	1
	0.0

	Jordan
	1
	0.0

	Bangladesh
	1
	0.0

	Costa Rica
	1
	0.0

	Mauritius
	1
	0.0

	Guatemala
	1
	0.0

	Bolivia
	1
	0.0

	Kenya
	1
	0.0

	Vatican
	1
	0.0

	Sudan
	1
	0.0

	Laos
	1
	0.0

	Total
	18338
	100




[bookmark: _Toc235551891]Table S3. Total weight of spacecraft by nations from 1957 to 2023.

	Nation
	kg
	t
	%

	Russia
	12307600.0
	12307.6
	52.0

	USA
	7031395.2
	7031.4
	29.7

	China
	1483917.8
	1483.9
	6.3

	International
	1046228.1
	1046.2
	4.4

	Japan
	456462.7
	456.5
	1.9

	UK
	164329.7
	164.3
	0.7

	India
	150774.9
	150.8
	0.6

	Luxembourg
	130288.0
	130.3
	0.6

	Italy
	82935.0
	82.9
	0.4

	Canada
	76896.5
	76.9
	0.3

	France
	68548.5
	68.5
	0.3

	Spain
	53099.0
	53.1
	0.2

	Indonesia
	52028.0
	52.0
	0.2

	Saudi Arabia
	51511.0
	51.5
	0.2

	Brazil
	50735.8
	50.7
	0.2

	South Korea
	45547.4
	45.5
	0.2

	Germany
	42986.7
	43.0
	0.2

	Mexico
	39097.6
	39.1
	0.2

	UAE
	35946.0
	35.9
	0.2

	Australia
	33283.7
	33.3
	0.1

	Netherlands
	32252.0
	32.3
	0.1

	Turkey
	30397.2
	30.4
	0.1

	Israel
	26319.2
	26.3
	0.1

	Malaysia
	19165.3
	19.2
	0.1

	Egypt
	18994.0
	19.0
	0.1

	Argentina
	16731.8
	16.7
	0.1

	Thailand
	15094.0
	15.1
	0.1

	Sweden
	14668.0
	14.7
	0.1

	Nigeria
	10800.0
	10.8
	0.0

	Norway
	8651.8
	8.7
	0.0

	Ukraine
	8363.0
	8.4
	0.0

	Venezuela
	6929.0
	6.9
	0.0

	Belarus
	6448.0
	6.4
	0.0

	Pakistan
	5842.0
	5.8
	0.0

	Vietnam
	5777.0
	5.8
	0.0

	Algeria
	5664.0
	5.7
	0.0

	Qatar
	5300.0
	5.3
	0.0

	Kazakhstan
	5189.5
	5.2
	0.0

	Bolivia
	5100.0
	5.1
	0.0

	Laos
	4000.0
	4.0
	0.0

	Taiwan
	3907.6
	3.9
	0.0

	Bulgaria
	3700.0
	3.7
	0.0

	Bangladesh
	3700.0
	3.7
	0.0

	Angola
	3611.0
	3.6
	0.0

	Azerbaijan
	3275.0
	3.3
	0.0

	Greece
	3255.8
	3.3
	0.0

	Singapore
	2439.3
	2.4
	0.0

	Morocco
	2220.0
	2.2
	0.0

	Philippines
	1910.0
	1.9
	0.0

	North Korea
	1430.0
	1.4
	0.0

	Iran
	960.0
	1.0
	0.0

	Peru
	432.1
	0.4
	0.0

	South Africa
	339.0
	0.3
	0.0

	Czechoslovakia
	281.0
	0.3
	0.0

	Belgium
	257.0
	0.3
	0.0

	Chile
	243.0
	0.2
	0.0

	Finland
	166.5
	0.2
	0.0

	Switzerland
	120.0
	0.1
	0.0

	Denmark
	97.0
	0.1
	0.0

	Lithuania
	84.0
	0.1
	0.0

	Slovenia
	75.0
	0.1
	0.0

	Sudan
	75.0
	0.1
	0.0

	Ethiopia
	71.0
	0.1
	0.0

	Portugal
	50.0
	0.1
	0.0

	Myanmar
	50.0
	0.1
	0.0

	Poland
	42.0
	0.0
	0.0

	New Zealand
	23.3
	0.0
	0.0

	Latvia
	15.0
	0.0
	0.0

	Austria
	14.0
	0.0
	0.0

	Colombia
	10.0
	0.0
	0.0

	Czech Republic
	9.0
	0.0
	0.0

	Hungary
	8.3
	0.0
	0.0

	Estonia
	6.0
	0.0
	0.0

	Ecuador
	6.0
	0.0
	0.0

	Oman
	6.0
	0.0
	0.0

	Kuwait
	3.0
	0.0
	0.0

	Rwanda
	3.0
	0.0
	0.0

	Vatican
	3.0
	0.0
	0.0

	Tunisia
	2.9
	0.0
	0.0

	Uruguay
	2.0
	0.0
	0.0

	Ireland
	2.0
	0.0
	0.0

	Kenya
	2.0
	0.0
	0.0

	Romania
	1.8
	0.0
	0.0

	Turkmenistan
	1.0
	0.0
	0.0

	Moldova
	1.0
	0.0
	0.0

	Monaco
	1.0
	0.0
	0.0

	Armenia
	1.0
	0.0
	0.0

	Djibouti
	1.0
	0.0
	0.0

	Slovakia
	1.0
	0.0
	0.0

	Jordan
	1.0
	0.0
	0.0

	Costa Rica
	1.0
	0.0
	0.0

	Mauritius
	1.0
	0.0
	0.0

	Guatemala
	1.0
	0.0
	0.0

	Nepal
	0.5
	0.0
	0.0

	Total
	23688216.2
	23688.2
	100.0





[bookmark: _Toc235551892]Table S4. Spacecrafts launched each from 1957 to 2023 by orbit.

	Year
	GEO
	HEO
	LEO
	MEO
	Total

	2023
	27
	7
	2921
	8
	2963

	2022
	29
	13
	2504
	8
	2554

	2021
	31
	6
	1847
	5
	1889

	2020
	24
	4
	1277
	7
	1312

	2019
	27
	3
	464
	16
	510

	2018
	26
	10
	417
	31
	484

	2017
	37
	4
	440
	8
	489

	2016
	34
	1
	180
	12
	227

	2015
	37
	2
	225
	8
	272

	2014
	31
	7
	255
	9
	302

	2013
	27
	4
	175
	10
	216

	2012
	40
	1
	92
	9
	142

	2011
	30
	8
	89
	13
	140

	2010
	33
	8
	78
	11
	130

	2009
	31
	5
	89
	5
	130

	2008
	32
	3
	61
	9
	105

	2007
	27
	8
	76
	8
	119

	2006
	32
	3
	74
	5
	114

	2005
	22
	4
	47
	5
	78

	2004
	20
	4
	46
	7
	77

	2003
	27
	9
	51
	5
	92

	2002
	33
	2
	55
	4
	94

	2001
	23
	5
	51
	8
	87

	2000
	40
	7
	69
	9
	125

	1999
	28
	5
	106
	2
	141

	1998
	33
	6
	143
	2
	184

	1997
	38
	6
	110
	5
	159

	1996
	33
	14
	47
	6
	100

	1995
	32
	5
	60
	4
	101

	1994
	36
	5
	74
	6
	121

	1993
	25
	5
	71
	9
	110

	1992
	30
	5
	87
	9
	131

	1991
	27
	5
	105
	4
	141

	1990
	39
	7
	105
	14
	165

	1989
	26
	8
	87
	14
	135

	1988
	29
	10
	99
	3
	141

	1987
	20
	2
	115
	2
	139

	1986
	21
	6
	121
	1
	149

	1985
	37
	9
	111
	4
	161

	1984
	37
	11
	112
	9
	169

	1983
	25
	8
	120
	5
	158

	1982
	28
	3
	127
	1
	159

	1981
	21
	7
	128
	5
	161

	1980
	16
	3
	127
	1
	147

	1979
	11
	2
	116
	1
	130

	1978
	22
	8
	133
	5
	168

	1977
	19
	4
	117
	2
	142

	1976
	14
	4
	142
	1
	161

	1975
	13
	7
	141
	2
	163

	1974
	11
	3
	125
	 
	139

	1973
	6
	11
	128
	1
	146

	1972
	4
	11
	121
	2
	138

	1971
	5
	15
	144
	2
	166

	1970
	7
	9
	121
	2
	139

	1969
	5
	25
	115
	4
	149

	1968
	2
	7
	134
	14
	157

	1967
	4
	15
	133
	20
	172

	1966
	2
	9
	139
	19
	169

	1965
	1
	13
	157
	4
	175

	1964
	1
	9
	113
	 
	123

	1963
	2
	5
	80
	5
	92

	1962
	 
	9
	86
	2
	97

	1961
	 
	2
	53
	2
	57

	1960
	 
	7
	35
	 
	42

	1959
	 
	7
	19
	 
	26

	1958
	 
	7
	15
	6
	28

	1957
	 
	 
	3
	 
	3

	Total
	1430
	447
	16008
	420
	18305
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[bookmark: _Toc235551893]Table S5. Cumulative metal demand for electronics over 1957-2023. Includes P05, P50, P95 (t) and relative uncertainty (%), defined as (P95-P05)/P50×100.


	Metal
	Cum_P05 (t)
	Cum_P50 (t)
	Cum_P95 (t)
	Rel_Unc_%

	Ag
	3.38 
	3.89 
	4.46 
	27.80 

	Al
	70.37 
	72.99 
	75.79 
	7.43 

	Au
	1.48 
	1.83 
	2.23 
	40.61 

	Cu
	806.97 
	823.97 
	841.13 
	4.15 

	Fe
	36.68 
	38.47 
	40.35 
	9.55 

	Ni
	56.82 
	59.20 
	61.66 
	8.19 

	Pd
	0.17 
	0.29 
	0.46 
	101.98 

	Pt
	0.04 
	0.10 
	0.22 
	170.33 

	REEs
	31.17 
	32.81 
	34.52 
	10.23 

	Sn
	42.41 
	44.37 
	46.48 
	9.16 

	Ti
	9.96 
	10.85 
	11.82 
	17.17 

	Zn
	13.72 
	14.79 
	15.89 
	14.68 





[bookmark: _Toc235551894]Table S6. Cumulative metal demand for solar panels over 1957-2023. Cumulative totals incorporate uncertainty from subsystem mass fractions, solar W/kg distribution, technology shares, and Dirichlet-sampled composition.

	Metal
	Cum_P05 (t)
	Cum_P50 (t)
	Cum_P95 (t)
	Rel_Unc_%

	Ag
	1.20
	2.69
	5.79
	170.72

	Al
	15.74
	28.64
	51.88
	126.19

	As
	20.93
	37.39
	66.72
	122.46

	Cu
	117.66
	210.40
	373.08
	121.40

	Ga
	3.95
	7.39
	13.51
	129.48

	In
	1.01
	2.07
	4.17
	152.96

	Pb
	7.26
	13.60
	24.88
	129.52

	Si
	629.90
	1126.94
	1990.69
	120.75

	Sn
	7.05
	13.06
	23.87
	128.83

	Zn
	0.00
	0.00
	0.03
	5983.67







[bookmark: _Toc235551895]Table S7. Cumulative metal demand for batteries (1957-2023), with uncertainty propagated across all chemistry transitions and composition distributions.

	Metal
	Cum_P05 (t)
	Cum_P50 (t)
	Cum_P95 (t)
	Rel_Unc_%

	Ag
	41.55
	51.42
	62.69
	41.11

	Al
	66.69
	101.06
	150.42
	82.84

	Cd
	314.03
	351.39
	391.13
	21.94

	Co
	50.47
	75.76
	115.27
	85.53

	Cu
	53.59
	84.38
	130.31
	90.93

	Fe
	84.14
	123.45
	177.11
	75.31

	Li
	8.51
	20.63
	46.80
	185.66

	Ni
	808.63
	876.73
	952.14
	16.37

	Zn
	156.84
	180.76
	205.59
	26.97




[bookmark: _Toc235551896]Table S8. Cumulative structural metal demand (1957-2023).

	Metal
	Cum_P05 (t)
	Cum_P50 (t)
	Cum_P95 (t)
	Rel_Unc_%

	Al
	2904.21 
	2960.49 
	3017.79 
	3.84




[bookmark: _Toc235551897]Table S9. Global cumulative metal demand from all spacecraft subsystems combined (1957-2023), with 90% confidence intervals and relative uncertainties.

	Metal
	Cum_P05 (t)
	Cum_P50 (t)
	Cum_P95 (t)
	Rel_Unc_%

	Ag
	48.14
	58.29
	69.94
	37.39

	Al
	3094.24
	3167.59
	3243.14
	4.70

	As
	20.93
	37.39
	66.72
	122.46

	Au
	1.48
	1.83
	2.23
	40.61

	Cd
	314.03
	351.39
	391.13
	21.94

	Co
	50.47
	75.76
	115.27
	85.53

	Cu
	1018.62
	1123.16
	1288.76
	24.05

	Fe
	122.73
	161.82
	215.50
	57.33

	Ga
	3.95
	7.39
	13.51
	129.48

	In
	1.01
	2.07
	4.17
	152.96

	Li
	8.51
	20.63
	46.80
	185.66

	Ni
	867.75
	935.98
	1011.44
	15.35

	Pb
	7.26
	13.60
	24.88
	129.52

	Pd
	0.17
	0.29
	0.46
	101.98

	Pt
	0.04
	0.10
	0.22
	170.33

	REEs
	31.17
	32.81
	34.52
	10.23

	Si
	629.90
	1126.94
	1990.69
	120.75

	Sn
	50.94
	57.47
	68.46
	30.48

	Ti
	9.96
	10.85
	11.82
	17.17

	Zn
	171.72
	195.58
	220.32
	24.85

	Total
	6453.03
	7380.91
	8819.98
	32.07





[bookmark: _Toc235551898]Table S10. Global cumulative metal demand from all spacecraft subsystems combined (1957-2023) and their volume (data of Figure 4).

	Metals ordered based on their respective weight

	 
	Cum_P05 
	Cum_P50 
	Cum_P95 
	Density
	Volume
	Cube edge

	 
	t
	t
	t
	Kg/m3
	m3
	m

	Al
	3136.36 
	3211.27 
	3288.50 
	2700.0
	1189.36
	10.60

	Si
	629.90 
	1126.94 
	1990.69 
	2330.0
	483.67
	7.85

	Cu
	1501.58 
	1616.29 
	1792.17 
	8850.0
	182.63
	5.67

	Ni
	901.75 
	971.41 
	1048.34 
	8908.0
	109.05
	4.78

	Cd
	314.03 
	351.39 
	391.13 
	8650.0
	40.62
	3.44

	Zn
	179.93 
	204.43 
	229.83 
	7133.0
	28.66
	3.06

	Fe
	144.68 
	184.85 
	239.65 
	7800.0
	23.70
	2.87

	Co
	50.47 
	75.76 
	115.27 
	8860.0
	8.55
	2.04

	Ag
	50.17 
	60.61 
	72.61 
	10490.0
	5.78
	1.79

	Sn
	76.32 
	84.02 
	96.27 
	7260.0
	11.57
	2.26

	As
	20.93 
	37.39 
	66.72 
	5778.0
	6.47
	1.86

	REEs
	49.82 
	52.44 
	55.19 
	9066.0
	5.78
	1.80

	Li
	8.51 
	20.63 
	46.80 
	535.0
	38.56
	3.38

	Pb
	7.26 
	13.60 
	24.88 
	11400.0
	1.19
	1.06

	Ti
	15.91 
	17.34 
	18.89 
	4540.0
	3.82
	1.56

	Ga
	3.95 
	7.39 
	13.51 
	5907.0
	1.25
	1.08

	In
	1.01 
	2.07 
	4.17 
	7310.0
	0.28
	0.66

	Au
	2.37 
	2.92 
	3.56 
	19300.0
	0.15
	0.53

	Pd
	0.27 
	0.46 
	0.74 
	12023.0
	0.04
	0.34

	Pt
	0.07 
	0.16 
	0.35 
	21500.0
	0.01
	0.20

	Total
	7095.31
	8041.37
	9499.28
	-
	2141.15
	56.83


*: The density for the REE mixture was approximated using the density of erbium, which accounts for more than 80% of the total REE content in electronics (Table S11).

Electronics in spacecraft

[bookmark: _Toc235551899]Table S11. Metal intensity in mobile phones’ PCBs.53

	 
	G1
	G2
	G3
	 
	 
	

	 
	Metals in wt.%
	Average
	 
	SD

	Cu
	21.8
	29.5
	32.2
	27.8
	 
	5.40

	Al
	2.2
	2.9
	2.3
	2.5
	 
	0.38

	Ni
	1.1
	1.7
	3.2
	2.0
	 
	1.08

	Sn
	0.2
	1.2
	3.1
	1.5
	 
	1.47

	Ti
	0.3
	0.3
	0.5
	0.4
	 
	0.12

	Zn
	0.2
	0.5
	0.8
	0.5
	 
	0.30

	Fe
	0.5
	0.9
	2.5
	1.3
	 
	1.06

	 
	Metals in ppm
	 
	 
	

	Ag
	1095.1
	1246.7
	1611.1
	1317.6
	 
	265.21

	Au
	502.1
	588.2
	765.4
	618.6
	 
	134.25

	Pd
	106.7
	109.1
	85.8
	100.5
	 
	12.82

	Pt
	26.4
	29.4
	59.2
	38.3
	 
	18.13

	 
	Metals in ppm
	ppm
	%
	

	Sc
	3.8
	4.9
	5.1
	4.6
	0.04
	

	La
	439.5
	61
	4.7
	168.4
	1.52
	

	Ce
	9.9
	2.5
	<DL
	6.2
	0.06
	

	Pr
	130
	114.9
	64.8
	103.2
	0.93
	

	Nd
	1657.5
	1627.9
	982.6
	1422.7
	12.83
	

	Sm
	20.8
	18.4
	12.1
	17.1
	0.15
	

	Eu
	2.3
	2.1
	0.7
	1.7
	0.02
	

	Y
	28.7
	17.1
	20.1
	22.0
	0.20
	

	Gd
	9.5
	56.3
	45.9
	37.2
	0.34
	

	Tb
	10
	50.3
	3.7
	21.3
	0.19
	

	Dy
	46.4
	91.1
	125.7
	87.7
	0.79
	

	Ho
	13.5
	4.2
	<DL
	8.9
	0.08
	

	Er
	7857.8
	7977.6
	11731.1
	9188.8
	82.85
	

	Tm
	<DL
	<DL
	<DL
	-
	-
	

	Yb
	0.6
	0.5
	1.4
	0.8
	0.01
	

	Lu
	0.4
	0.1
	1
	0.5
	0.00
	

	Total REEs
	11091.2
	100.0
	265.21


			


[bookmark: _Toc235551900]Table S12. Metal intensity in other PCBs.

	Element (wt.%)
	References

	
	54
	55
	56
	57
	58
	59
	60
	53

	 
	2007
	2011
	2011
	2015
	2017
	2019
	2019
	2020
	2023

	Al
	1.83
	0.31
	0.99
	-
	-
	0.17
	-
	1.6
	2.47

	Ba/ppm
	0.11
	-
	-
	-
	-
	-
	-
	-
	2,300

	Cd
	<0.56
	-
	-
	-
	-
	-
	-
	-
	0.0034

	Cu
	32.31
	39.56
	38.33
	40.8
	41.8
	57.47
	47.9
	30
	27.93

	Fe
	0.54
	1.42
	6.53
	0.28
	0.66
	25.23
	0.5
	4.7
	1.3

	Mn
	0.65
	-
	-
	-
	-
	0.24
	-
	-
	0.63

	Ni
	0.69
	3.42
	1.67
	0.39
	1.93
	5.1
	0.8
	2.1
	2.03

	Pb
	0.25
	1.17
	1.26
	1.36
	0.19
	0.85
	-
	1.3
	5.11

	Sn
	-
	2.09
	3.11
	1.6
	4.57
	3.49
	2
	-
	1.51

	Zn
	0.96
	3.43
	0.97
	0.41
	-
	4.9
	-
	0.9
	0.52

	Ag
	0.41
	0.06
	0.06
	0.11
	0.2
	0.15
	0.13
	-
	1.32

	Au
	0.28
	0.06
	0.1
	0.0065
	0.12
	0.12
	0.1
	0.1
	0.62






[bookmark: _Toc235551850]Figure S3. Distribution of electronics mass fractions used in the Monte Carlo simulation (N=10,000). Values were sampled from a triangular distribution (min=10%, mode=20%, max=30%).


Metal mass shares for electronics were sampled using Dirichlet distributions parameterized by literature-derived mean concentrations and standard deviations (Tables S11-S12). The Dirichlet formulation preserves the constant-sum constraint (100 wt.%) across all iterations while allowing realistic covariance among metals. Histograms show the resulting uncertainty ranges for Cu, Al, Fe, Au, Ag, Pd, Sn, Pb, Ni, Ta, and rare earth elements. Median values, interquartile ranges, and full simulation envelopes are displayed for each metal.





[bookmark: _Toc235551851]Figure S4. Monte Carlo (N=10,000) distribution of within-electronics metal composition (wt.%).




[bookmark: _Toc235551901]Table S13. Annual metal demand attributable to spacecraft electronics (1957-2023). Values represent 5th, 50th, and 95th percentiles (kg/year) derived from 10,000 Monte Carlo iterations. Part I.

	Year
	Ag_P05
	Ag_P50
	Ag_P95
	Al_P05
	Al_P50
	Al_P95
	Au_P05
	Au_P50
	Au_P95
	Cu_P05
	Cu_P50
	Cu_P95
	Fe_P05
	Fe_P50
	Fe_P95
	Ni_P05
	Ni_P50
	Ni_P95

	1957
	0.04 
	0.14 
	0.34 
	2.20 
	2.88 
	3.70 
	0.01 
	0.06 
	0.20 
	28.05 
	32.75 
	37.70 
	1.07 
	1.51 
	2.08 
	1.75 
	2.33 
	3.04 

	1958
	0.57 
	1.86 
	4.44 
	29.69 
	38.87 
	49.90 
	0.10 
	0.75 
	2.68 
	377.56 
	441.75 
	508.76 
	14.23 
	20.34 
	27.97 
	23.59 
	31.45 
	41.13 

	1959
	0.61 
	2.08 
	5.04 
	33.64 
	44.01 
	56.52 
	0.11 
	0.85 
	2.96 
	428.20 
	500.46 
	574.54 
	16.13 
	23.03 
	31.80 
	26.67 
	35.58 
	46.58 

	1960
	3.00 
	10.34 
	24.62 
	165.08 
	215.95 
	278.59 
	0.56 
	4.20 
	14.83 
	2108.24 
	2458.31 
	2829.86 
	79.63 
	113.44 
	155.68 
	131.20 
	174.83 
	229.72 

	1961
	4.97 
	16.93 
	40.15 
	272.70 
	355.61 
	454.54 
	0.88 
	6.79 
	24.19 
	3446.70 
	4029.10 
	4637.69 
	131.08 
	185.32 
	257.07 
	214.64 
	286.87 
	374.16 

	1962
	6.76 
	22.70 
	54.18 
	362.13 
	471.92 
	606.67 
	1.17 
	9.06 
	32.73 
	4594.95 
	5368.77 
	6184.42 
	173.79 
	246.89 
	340.25 
	285.23 
	381.33 
	502.78 

	1963
	4.83 
	16.33 
	39.22 
	258.92 
	339.99 
	432.53 
	0.86 
	6.59 
	23.39 
	3292.35 
	3852.69 
	4425.76 
	124.76 
	176.87 
	243.65 
	204.26 
	273.36 
	359.09 

	1964
	12.15 
	40.36 
	97.90 
	655.54 
	854.94 
	1097.95 
	2.10 
	16.32 
	58.48 
	8351.60 
	9744.21 
	11169.62 
	315.95 
	446.75 
	615.93 
	518.21 
	691.97 
	905.00 

	1965
	15.93 
	54.20 
	130.16 
	878.14 
	1147.44 
	1481.42 
	2.93 
	22.54 
	80.53 
	11166.40 
	13049.53 
	14987.24 
	424.48 
	601.37 
	824.49 
	697.23 
	928.45 
	1219.45 

	1966
	19.87 
	65.30 
	159.73 
	1053.85 
	1372.63 
	1759.42 
	3.48 
	26.76 
	94.12 
	13414.82 
	15649.85 
	17948.22 
	506.54 
	718.71 
	992.27 
	835.15 
	1112.76 
	1460.47 

	1967
	16.60 
	54.96 
	134.50 
	888.03 
	1163.76 
	1493.28 
	2.99 
	22.90 
	81.17 
	11361.20 
	13257.13 
	15241.24 
	432.88 
	611.03 
	839.84 
	701.38 
	943.98 
	1247.35 

	1968
	25.26 
	85.24 
	203.92 
	1345.09 
	1755.26 
	2251.46 
	4.78 
	34.41 
	120.07 
	17123.29 
	20004.33 
	23034.89 
	648.86 
	920.62 
	1269.69 
	1062.45 
	1424.11 
	1862.93 

	1969
	45.37 
	152.42 
	367.00 
	2446.12 
	3199.32 
	4094.87 
	8.45 
	61.49 
	219.69 
	30972.80 
	36254.16 
	41742.15 
	1171.90 
	1675.30 
	2310.53 
	1935.99 
	2583.02 
	3391.83 

	1970
	23.03 
	78.68 
	192.77 
	1256.49 
	1638.69 
	2097.51 
	4.16 
	32.20 
	112.21 
	15948.47 
	18627.10 
	21378.89 
	608.52 
	856.73 
	1176.18 
	990.02 
	1325.62 
	1738.54 

	1971
	34.86 
	119.43 
	290.61 
	1932.52 
	2521.22 
	3236.76 
	6.23 
	50.70 
	178.17 
	24551.10 
	28690.62 
	32969.23 
	929.98 
	1315.00 
	1815.97 
	1524.99 
	2032.51 
	2677.80 

	1972
	33.20 
	116.25 
	279.87 
	1840.69 
	2426.50 
	3113.75 
	5.88 
	46.22 
	163.18 
	23509.04 
	27515.06 
	31585.99 
	894.02 
	1266.11 
	1742.16 
	1462.47 
	1961.86 
	2562.77 

	1973
	41.38 
	136.79 
	326.98 
	2157.77 
	2832.69 
	3640.79 
	7.12 
	53.99 
	188.86 
	27681.68 
	32257.28 
	36998.88 
	1038.60 
	1481.16 
	2043.87 
	1714.81 
	2291.59 
	3014.22 

	1974
	26.44 
	91.63 
	220.30 
	1470.86 
	1926.99 
	2473.84 
	4.81 
	37.55 
	130.17 
	18839.12 
	21931.00 
	25162.96 
	714.40 
	1010.76 
	1388.52 
	1167.54 
	1563.60 
	2032.64 

	1975
	29.50 
	96.58 
	230.93 
	1549.13 
	2023.05 
	2593.23 
	4.86 
	39.21 
	138.58 
	19743.01 
	23029.60 
	26449.95 
	756.33 
	1061.14 
	1478.52 
	1228.35 
	1645.78 
	2147.69 

	1976
	28.28 
	93.57 
	223.55 
	1514.95 
	1984.21 
	2548.74 
	4.67 
	38.65 
	136.84 
	19298.08 
	22580.85 
	25972.71 
	727.98 
	1041.95 
	1434.80 
	1189.68 
	1602.13 
	2107.51 

	1977
	26.58 
	92.87 
	222.26 
	1493.61 
	1958.75 
	2502.01 
	4.48 
	37.74 
	135.69 
	19048.73 
	22212.34 
	25546.78 
	719.22 
	1020.08 
	1407.12 
	1186.27 
	1578.78 
	2081.39 

	1978
	27.76 
	96.12 
	231.43 
	1543.80 
	2025.44 
	2602.29 
	5.12 
	39.26 
	137.95 
	19682.11 
	23025.73 
	26412.01 
	749.02 
	1061.42 
	1462.42 
	1225.03 
	1644.50 
	2153.55 

	1979
	26.89 
	90.40 
	218.47 
	1465.99 
	1908.77 
	2451.68 
	4.42 
	36.80 
	128.85 
	18609.56 
	21743.35 
	24977.12 
	709.47 
	999.70 
	1386.96 
	1160.69 
	1548.32 
	2036.71 

	1980
	28.30 
	94.09 
	229.59 
	1525.29 
	1994.07 
	2566.45 
	5.09 
	39.25 
	138.86 
	19411.27 
	22724.97 
	26114.85 
	735.81 
	1044.65 
	1443.20 
	1207.46 
	1613.24 
	2123.23 

	1981
	28.60 
	99.24 
	241.18 
	1601.47 
	2097.10 
	2688.83 
	5.32 
	40.59 
	139.63 
	20372.44 
	23803.31 
	27373.62 
	777.34 
	1097.53 
	1509.31 
	1257.63 
	1692.14 
	2222.83 

	1982
	31.45 
	106.81 
	260.37 
	1714.30 
	2238.14 
	2895.55 
	5.52 
	44.14 
	155.42 
	21865.80 
	25500.52 
	29302.97 
	822.38 
	1177.07 
	1614.16 
	1363.07 
	1822.44 
	2385.04 

	1983
	29.14 
	98.15 
	235.56 
	1590.38 
	2065.18 
	2663.98 
	5.37 
	39.87 
	137.03 
	20151.96 
	23550.75 
	27031.23 
	764.06 
	1088.88 
	1498.03 
	1253.88 
	1674.08 
	2194.60 

	1984
	31.87 
	107.13 
	255.66 
	1691.22 
	2219.12 
	2861.80 
	5.82 
	42.63 
	151.98 
	21606.43 
	25300.22 
	29040.35 
	815.32 
	1164.40 
	1608.33 
	1339.95 
	1801.93 
	2379.61 

	1985
	31.47 
	105.75 
	255.51 
	1706.54 
	2228.35 
	2854.86 
	5.62 
	42.60 
	152.37 
	21757.79 
	25355.13 
	29093.80 
	819.23 
	1168.53 
	1610.06 
	1346.71 
	1805.00 
	2361.14 

	1986
	27.45 
	93.31 
	224.92 
	1498.26 
	1972.27 
	2532.20 
	5.37 
	39.02 
	136.38 
	19186.87 
	22385.18 
	25719.22 
	730.21 
	1029.24 
	1428.84 
	1194.79 
	1592.88 
	2097.91 

	1987
	37.84 
	126.11 
	306.90 
	2015.15 
	2635.11 
	3373.40 
	6.53 
	50.80 
	180.76 
	25729.97 
	29962.55 
	34438.75 
	968.58 
	1379.33 
	1903.66 
	1595.98 
	2134.85 
	2796.46 

	1988
	36.55 
	125.48 
	303.86 
	2021.12 
	2632.17 
	3386.25 
	6.87 
	50.93 
	180.49 
	25671.30 
	30035.09 
	34485.37 
	975.12 
	1386.77 
	1909.25 
	1598.03 
	2139.59 
	2786.81 

	1989
	28.44 
	96.00 
	227.86 
	1518.64 
	1986.11 
	2555.55 
	5.12 
	38.23 
	135.44 
	19339.77 
	22617.10 
	25989.58 
	737.28 
	1041.08 
	1439.93 
	1199.85 
	1610.59 
	2107.51 

	1990
	28.68 
	94.75 
	229.92 
	1534.57 
	1994.31 
	2554.98 
	4.76 
	38.32 
	135.14 
	19449.61 
	22683.37 
	26090.89 
	737.37 
	1043.61 
	1446.12 
	1204.05 
	1610.55 
	2123.22 

	1991
	22.20 
	73.50 
	175.44 
	1186.23 
	1547.81 
	1987.77 
	3.56 
	30.22 
	106.83 
	15067.02 
	17581.58 
	20209.62 
	575.08 
	811.01 
	1119.14 
	936.65 
	1250.64 
	1641.30 

	1992
	20.95 
	69.59 
	168.55 
	1115.91 
	1460.81 
	1877.16 
	3.55 
	29.04 
	98.85 
	14220.68 
	16601.39 
	19095.43 
	536.73 
	761.60 
	1050.74 
	882.97 
	1183.22 
	1548.52 

	1993
	16.23 
	56.06 
	134.72 
	904.34 
	1177.27 
	1514.36 
	2.86 
	22.73 
	79.32 
	11427.85 
	13377.14 
	15385.49 
	433.32 
	617.67 
	849.14 
	715.32 
	953.16 
	1248.63 

	1994
	19.35 
	66.51 
	157.07 
	1060.85 
	1393.14 
	1795.11 
	3.63 
	27.15 
	97.25 
	13526.23 
	15835.23 
	18216.43 
	512.25 
	728.18 
	1005.42 
	839.20 
	1123.87 
	1477.32 

	1995
	17.49 
	60.46 
	143.56 
	975.69 
	1272.91 
	1634.18 
	3.28 
	25.25 
	85.72 
	12399.79 
	14457.56 
	16653.86 
	473.80 
	669.64 
	923.75 
	764.61 
	1029.95 
	1342.57 

	1996
	15.48 
	52.80 
	126.18 
	846.66 
	1103.18 
	1418.06 
	2.66 
	21.46 
	76.13 
	10761.03 
	12544.74 
	14395.81 
	407.40 
	579.44 
	796.83 
	669.06 
	892.50 
	1170.51 

	1997
	20.39 
	68.51 
	166.92 
	1117.31 
	1446.12 
	1862.19 
	3.57 
	28.04 
	99.70 
	14058.73 
	16471.49 
	18881.68 
	535.78 
	759.97 
	1049.00 
	877.43 
	1172.31 
	1535.80 

	1998
	17.24 
	58.00 
	140.27 
	929.62 
	1220.13 
	1573.39 
	3.07 
	23.66 
	84.44 
	11871.57 
	13882.42 
	15968.11 
	448.66 
	635.52 
	881.37 
	738.91 
	990.95 
	1296.54 

	1999
	15.31 
	52.55 
	126.59 
	844.74 
	1103.38 
	1415.59 
	2.71 
	21.29 
	74.61 
	10734.46 
	12585.55 
	14486.42 
	407.73 
	577.87 
	798.86 
	666.86 
	891.57 
	1173.31 

	2000
	20.08 
	68.86 
	164.55 
	1110.03 
	1445.35 
	1847.23 
	4.00 
	28.32 
	98.37 
	14059.22 
	16449.55 
	18917.92 
	530.85 
	757.57 
	1044.75 
	878.74 
	1173.44 
	1538.95 

	2001
	16.65 
	55.62 
	133.04 
	896.24 
	1166.97 
	1490.91 
	2.88 
	22.45 
	79.27 
	11379.59 
	13255.34 
	15259.51 
	431.18 
	611.87 
	848.81 
	702.13 
	944.15 
	1234.60 

	2002
	18.14 
	61.40 
	147.02 
	984.75 
	1282.04 
	1651.99 
	3.27 
	25.20 
	87.63 
	12517.27 
	14615.86 
	16761.94 
	474.88 
	674.30 
	930.24 
	779.33 
	1038.82 
	1359.45 

	2003
	12.58 
	41.60 
	99.16 
	670.42 
	876.40 
	1131.93 
	2.32 
	16.88 
	58.94 
	8507.40 
	9956.33 
	11456.59 
	322.82 
	459.65 
	635.66 
	529.23 
	708.86 
	929.60 

	2004
	12.74 
	41.64 
	100.54 
	665.95 
	871.98 
	1121.79 
	2.27 
	16.94 
	59.00 
	8503.15 
	9939.52 
	11418.74 
	320.49 
	457.32 
	629.43 
	530.36 
	706.65 
	920.84 

	2005
	15.76 
	53.44 
	127.87 
	857.91 
	1117.57 
	1438.01 
	2.72 
	21.52 
	76.38 
	10879.55 
	12667.22 
	14601.87 
	412.11 
	584.11 
	806.75 
	675.89 
	904.74 
	1188.42 

	2006
	15.67 
	52.70 
	127.95 
	845.39 
	1109.77 
	1433.44 
	2.80 
	21.91 
	74.50 
	10825.88 
	12659.63 
	14555.87 
	408.31 
	580.48 
	802.43 
	672.61 
	900.64 
	1180.42 

	2007
	16.63 
	58.06 
	139.50 
	928.73 
	1214.40 
	1552.80 
	2.98 
	24.01 
	83.60 
	11831.57 
	13799.15 
	15929.14 
	448.26 
	634.93 
	875.54 
	736.09 
	983.55 
	1294.17 

	2008
	18.04 
	60.07 
	145.83 
	971.63 
	1273.24 
	1630.46 
	3.18 
	24.58 
	86.13 
	12363.13 
	14429.13 
	16593.20 
	466.80 
	664.96 
	918.48 
	764.67 
	1029.75 
	1343.35 

	2009
	19.07 
	63.82 
	152.77 
	1030.59 
	1345.24 
	1728.25 
	3.31 
	26.07 
	91.56 
	13084.93 
	15297.01 
	17566.76 
	495.16 
	701.97 
	970.70 
	813.05 
	1086.23 
	1438.57 

	2010
	20.11 
	69.12 
	167.66 
	1112.50 
	1451.26 
	1867.06 
	3.72 
	27.88 
	99.24 
	14144.71 
	16497.98 
	18934.89 
	539.28 
	758.56 
	1039.01 
	873.43 
	1177.23 
	1541.82 

	2011
	23.74 
	80.36 
	197.43 
	1289.13 
	1697.30 
	2184.64 
	4.29 
	32.33 
	115.29 
	16511.18 
	19297.37 
	22128.87 
	624.25 
	886.96 
	1221.30 
	1029.39 
	1370.89 
	1792.91 

	2012
	23.27 
	78.37 
	188.31 
	1270.96 
	1654.97 
	2125.43 
	4.16 
	32.83 
	113.41 
	16112.04 
	18915.25 
	21707.01 
	613.48 
	868.93 
	1195.44 
	1007.67 
	1343.17 
	1766.41 

	2013
	22.23 
	77.53 
	187.18 
	1241.48 
	1620.25 
	2082.27 
	3.82 
	31.42 
	109.53 
	15718.22 
	18386.51 
	21116.75 
	594.65 
	849.54 
	1168.73 
	982.36 
	1308.02 
	1722.37 

	2014
	22.40 
	77.44 
	184.71 
	1226.43 
	1613.64 
	2064.46 
	4.15 
	31.44 
	110.36 
	15697.35 
	18329.33 
	21060.08 
	596.32 
	844.69 
	1160.19 
	978.03 
	1303.06 
	1705.82 

	2015
	23.80 
	79.38 
	193.53 
	1287.22 
	1682.00 
	2165.70 
	4.22 
	32.62 
	114.95 
	16376.26 
	19130.63 
	21970.49 
	619.73 
	880.05 
	1214.72 
	1020.66 
	1359.85 
	1792.70 

	2016
	22.52 
	78.41 
	188.09 
	1235.37 
	1612.17 
	2074.33 
	4.29 
	31.99 
	112.38 
	15741.67 
	18393.19 
	21122.94 
	599.57 
	848.51 
	1162.74 
	978.18 
	1306.43 
	1717.05 

	2017
	27.82 
	94.41 
	228.40 
	1508.70 
	1977.76 
	2531.95 
	4.84 
	38.69 
	134.99 
	19195.48 
	22456.28 
	25784.88 
	725.42 
	1039.97 
	1420.16 
	1191.89 
	1593.82 
	2095.96 

	2018
	26.53 
	87.18 
	212.43 
	1416.01 
	1852.84 
	2384.51 
	4.87 
	36.53 
	127.94 
	18059.69 
	21091.16 
	24193.97 
	681.25 
	967.34 
	1335.33 
	1119.04 
	1496.46 
	1965.19 

	2019
	28.61 
	94.64 
	227.84 
	1507.55 
	1973.01 
	2527.87 
	5.14 
	38.50 
	134.93 
	19141.08 
	22396.84 
	25713.69 
	723.48 
	1032.79 
	1426.17 
	1188.77 
	1590.41 
	2083.14 

	2020
	39.27 
	131.25 
	313.85 
	2089.64 
	2730.89 
	3513.04 
	7.25 
	53.62 
	186.26 
	26688.82 
	31188.48 
	35817.36 
	1011.81 
	1436.68 
	1986.17 
	1658.84 
	2217.84 
	2894.57 

	2021
	55.47 
	183.60 
	437.93 
	2915.63 
	3811.77 
	4901.21 
	9.37 
	73.72 
	261.20 
	37209.68 
	43450.41 
	49834.86 
	1417.90 
	1996.79 
	2748.87 
	2308.50 
	3093.24 
	4045.47 

	2022
	74.87 
	249.77 
	603.71 
	4018.34 
	5242.54 
	6748.72 
	13.03 
	100.39 
	356.66 
	51336.86 
	59729.48 
	68961.57 
	1938.39 
	2752.19 
	3797.78 
	3179.50 
	4253.02 
	5583.53 

	2023
	102.08 
	334.61 
	814.13 
	5383.26 
	7035.40 
	9032.95 
	18.39 
	139.72 
	496.67 
	68410.75 
	80003.06 
	91872.33 
	2621.80 
	3682.70 
	5071.74 
	4214.24 
	5688.22 
	7507.41 

	Total
	1534.31 
	5178.67 
	12478.27 
	83095.81 
	108618.93 
	139531.10 
	273.29 
	2110.12 
	7424.44 
	1058072.39 
	1235842.89 
	1420159.02 
	40098.69 
	56907.36 
	78472.33 
	65738.37 
	87940.46 
	115344 




[bookmark: _Toc235551902]Table S14. Annual metal demand attributable to spacecraft electronics (1957-2023). Values represent 5th, 50th, and 95th percentiles (kg/year) derived from 10,000 Monte Carlo iterations. Part II.

	Year
	Pd_P05
	Pd_P50
	Pd_P95
	Pt_P05
	Pt_P50
	Pt_P95
	REEs_P05
	REEs_P50
	REEs_P95
	Sn_P05
	Sn_P50
	Sn_P95
	Ti_P05
	Ti_P50
	Ti_P95
	Zn_P05
	Zn_P50
	Zn_P95

	1957
	0.00 
	0.00 
	0.06 
	0.00 
	0.00 
	0.03 
	0.87 
	1.28 
	1.80 
	1.26 
	1.74 
	2.36 
	0.21 
	0.41 
	0.72 
	0.33 
	0.57 
	0.93 

	1958
	0.00 
	0.02 
	0.83 
	0.00 
	0.00 
	0.38 
	11.91 
	17.35 
	24.51 
	16.89 
	23.44 
	31.70 
	2.87 
	5.50 
	9.57 
	4.35 
	7.62 
	12.46 

	1959
	0.00 
	0.02 
	0.87 
	0.00 
	0.00 
	0.42 
	13.46 
	19.55 
	27.59 
	19.21 
	26.71 
	36.16 
	3.20 
	6.35 
	10.95 
	4.88 
	8.76 
	14.02 

	1960
	0.00 
	0.12 
	4.64 
	0.00 
	0.00 
	1.90 
	66.46 
	96.73 
	135.55 
	94.06 
	130.72 
	177.02 
	16.08 
	31.04 
	54.21 
	24.84 
	42.80 
	69.19 

	1961
	0.00 
	0.19 
	6.97 
	0.00 
	0.00 
	3.21 
	108.57 
	158.57 
	222.56 
	154.00 
	213.92 
	290.19 
	26.23 
	50.36 
	87.68 
	40.23 
	69.79 
	112.30 

	1962
	0.00 
	0.26 
	9.99 
	0.00 
	0.00 
	3.94 
	142.87 
	210.20 
	294.93 
	205.55 
	286.29 
	387.78 
	35.18 
	67.56 
	118.10 
	53.79 
	93.50 
	152.35 

	1963
	0.00 
	0.19 
	7.09 
	0.00 
	0.00 
	3.00 
	104.65 
	151.14 
	212.44 
	148.20 
	205.91 
	279.19 
	24.78 
	48.33 
	83.97 
	38.47 
	66.55 
	108.57 

	1964
	0.00 
	0.44 
	17.87 
	0.00 
	0.00 
	8.03 
	262.87 
	380.23 
	534.81 
	374.16 
	516.64 
	700.13 
	63.02 
	122.08 
	213.10 
	96.98 
	167.93 
	274.02 

	1965
	0.00 
	0.74 
	24.49 
	0.00 
	0.00 
	10.82 
	349.49 
	511.73 
	721.24 
	502.44 
	695.30 
	946.76 
	84.00 
	164.58 
	285.53 
	129.03 
	228.67 
	367.71 

	1966
	0.00 
	0.76 
	28.43 
	0.00 
	0.01 
	12.62 
	422.80 
	612.83 
	863.95 
	603.70 
	832.43 
	1127.01 
	102.97 
	198.06 
	348.83 
	153.92 
	271.00 
	438.42 

	1967
	0.00 
	0.60 
	24.96 
	0.00 
	0.00 
	10.55 
	355.55 
	519.09 
	734.11 
	504.91 
	707.13 
	953.14 
	84.81 
	166.39 
	291.63 
	131.59 
	231.93 
	373.14 

	1968
	0.00 
	0.94 
	36.15 
	0.00 
	0.01 
	14.85 
	538.29 
	786.25 
	1099.35 
	766.13 
	1062.77 
	1441.31 
	131.65 
	253.98 
	441.48 
	199.95 
	344.63 
	564.47 

	1969
	0.00 
	1.83 
	68.16 
	0.00 
	0.01 
	27.38 
	969.37 
	1417.93 
	1997.44 
	1387.04 
	1927.32 
	2597.03 
	232.29 
	455.51 
	791.76 
	364.86 
	632.46 
	1025.59 

	1970
	0.00 
	0.86 
	34.69 
	0.00 
	0.01 
	15.07 
	504.46 
	731.09 
	1036.86 
	716.92 
	986.78 
	1343.31 
	120.51 
	233.38 
	408.77 
	182.07 
	323.39 
	521.55 

	1971
	0.00 
	1.35 
	50.64 
	0.00 
	0.01 
	23.84 
	768.72 
	1117.67 
	1575.39 
	1104.63 
	1528.04 
	2063.81 
	188.48 
	363.13 
	629.80 
	283.71 
	496.72 
	812.73 

	1972
	0.00 
	1.32 
	50.85 
	0.00 
	0.01 
	21.49 
	736.29 
	1079.66 
	1519.84 
	1053.61 
	1464.50 
	1977.99 
	178.32 
	348.68 
	608.35 
	271.96 
	478.34 
	777.68 

	1973
	0.00 
	1.50 
	56.34 
	0.00 
	0.01 
	25.79 
	869.87 
	1265.29 
	1778.85 
	1235.38 
	1713.46 
	2316.69 
	209.62 
	405.49 
	706.12 
	323.72 
	564.51 
	907.72 

	1974
	0.00 
	0.99 
	40.29 
	0.00 
	0.01 
	17.91 
	592.80 
	855.60 
	1206.53 
	837.62 
	1161.17 
	1582.88 
	141.37 
	276.31 
	479.55 
	214.66 
	380.18 
	621.10 

	1975
	0.00 
	1.09 
	42.11 
	0.00 
	0.01 
	18.27 
	619.48 
	901.09 
	1278.72 
	885.94 
	1227.65 
	1657.20 
	150.94 
	291.54 
	501.43 
	226.58 
	400.26 
	650.57 

	1976
	0.00 
	1.15 
	42.94 
	0.00 
	0.01 
	18.08 
	607.81 
	888.56 
	1242.42 
	869.10 
	1203.32 
	1628.68 
	145.59 
	282.54 
	495.27 
	224.94 
	394.23 
	633.07 

	1977
	0.00 
	1.10 
	40.33 
	0.00 
	0.01 
	17.66 
	599.46 
	869.05 
	1220.69 
	847.53 
	1182.68 
	1599.75 
	144.91 
	279.68 
	483.26 
	218.30 
	384.23 
	621.06 

	1978
	0.00 
	1.12 
	40.02 
	0.00 
	0.01 
	18.72 
	618.46 
	904.89 
	1271.67 
	883.73 
	1223.26 
	1650.59 
	148.54 
	292.53 
	505.34 
	229.05 
	399.21 
	648.07 

	1979
	0.00 
	1.01 
	38.38 
	0.00 
	0.00 
	17.23 
	584.48 
	850.94 
	1199.71 
	830.41 
	1154.78 
	1558.82 
	140.61 
	272.96 
	470.35 
	216.67 
	375.06 
	610.02 

	1980
	0.00 
	1.06 
	40.64 
	0.00 
	0.01 
	17.93 
	608.02 
	889.20 
	1254.95 
	869.26 
	1209.37 
	1632.70 
	148.63 
	284.87 
	499.04 
	226.02 
	394.90 
	638.03 

	1981
	0.00 
	1.13 
	42.59 
	0.00 
	0.01 
	19.69 
	640.53 
	931.88 
	1311.30 
	913.58 
	1268.06 
	1712.58 
	153.15 
	301.84 
	518.09 
	234.03 
	412.42 
	672.86 

	1982
	0.00 
	1.25 
	46.08 
	0.00 
	0.01 
	21.34 
	689.03 
	998.89 
	1405.71 
	982.33 
	1361.42 
	1835.02 
	166.40 
	320.84 
	555.96 
	250.21 
	443.53 
	718.92 

	1983
	0.00 
	1.15 
	42.00 
	0.00 
	0.01 
	19.32 
	631.73 
	927.09 
	1301.18 
	902.55 
	1252.35 
	1693.95 
	151.48 
	296.44 
	517.46 
	233.39 
	407.06 
	661.21 

	1984
	0.00 
	1.31 
	43.40 
	0.00 
	0.01 
	21.31 
	685.66 
	987.84 
	1402.68 
	971.26 
	1346.69 
	1825.99 
	164.26 
	319.99 
	558.86 
	256.22 
	444.34 
	708.94 

	1985
	0.00 
	1.36 
	45.85 
	0.00 
	0.01 
	20.28 
	679.65 
	995.79 
	1395.84 
	969.32 
	1342.31 
	1814.06 
	165.34 
	319.73 
	554.07 
	251.82 
	439.03 
	709.30 

	1986
	0.00 
	1.05 
	40.43 
	0.00 
	0.01 
	18.14 
	599.80 
	879.74 
	1235.30 
	862.26 
	1192.17 
	1618.57 
	145.81 
	281.23 
	493.21 
	224.12 
	389.86 
	629.70 

	1987
	0.00 
	1.49 
	53.54 
	0.00 
	0.01 
	24.66 
	805.83 
	1176.73 
	1662.09 
	1154.30 
	1597.97 
	2159.82 
	194.58 
	378.95 
	655.73 
	292.73 
	521.66 
	841.34 

	1988
	0.00 
	1.64 
	52.14 
	0.00 
	0.01 
	22.36 
	803.48 
	1175.23 
	1643.76 
	1144.70 
	1597.40 
	2179.11 
	196.62 
	379.01 
	662.96 
	298.14 
	524.74 
	850.97 

	1989
	0.00 
	1.06 
	41.29 
	0.00 
	0.01 
	17.37 
	607.61 
	888.19 
	1252.19 
	868.14 
	1206.91 
	1636.15 
	147.67 
	285.86 
	499.69 
	225.65 
	393.71 
	641.67 

	1990
	0.00 
	1.08 
	41.81 
	0.00 
	0.01 
	17.12 
	609.45 
	886.27 
	1248.41 
	869.28 
	1206.09 
	1624.17 
	147.56 
	283.43 
	494.74 
	224.09 
	392.93 
	638.21 

	1991
	0.00 
	0.81 
	31.80 
	0.00 
	0.00 
	14.99 
	469.19 
	686.54 
	974.23 
	670.37 
	936.22 
	1281.00 
	114.55 
	222.05 
	386.11 
	174.13 
	304.56 
	491.69 

	1992
	0.00 
	0.79 
	29.68 
	0.00 
	0.00 
	13.45 
	447.63 
	654.39 
	918.02 
	635.18 
	883.35 
	1201.14 
	107.92 
	208.42 
	364.89 
	168.32 
	288.78 
	468.27 

	1993
	0.00 
	0.69 
	24.75 
	0.00 
	0.00 
	11.13 
	357.33 
	526.41 
	746.91 
	513.35 
	711.22 
	968.21 
	85.94 
	167.34 
	290.84 
	132.32 
	232.74 
	375.83 

	1994
	0.00 
	0.81 
	28.06 
	0.00 
	0.00 
	12.15 
	424.22 
	621.26 
	882.97 
	608.52 
	838.31 
	1140.73 
	102.19 
	199.72 
	347.66 
	157.31 
	275.97 
	446.55 

	1995
	0.00 
	0.67 
	25.27 
	0.00 
	0.00 
	11.96 
	387.18 
	566.32 
	800.44 
	549.31 
	767.71 
	1046.22 
	94.96 
	182.82 
	317.76 
	142.77 
	250.94 
	407.35 

	1996
	0.00 
	0.63 
	22.07 
	0.00 
	0.00 
	10.16 
	337.95 
	492.07 
	692.35 
	481.40 
	668.92 
	903.02 
	82.86 
	158.92 
	277.15 
	126.33 
	219.13 
	357.07 

	1997
	0.00 
	0.76 
	28.87 
	0.00 
	0.00 
	13.83 
	442.96 
	645.85 
	908.03 
	626.28 
	872.72 
	1185.93 
	108.61 
	205.12 
	353.44 
	161.57 
	286.37 
	461.01 

	1998
	0.00 
	0.62 
	23.97 
	0.00 
	0.00 
	11.16 
	376.54 
	544.20 
	767.82 
	531.84 
	736.66 
	989.65 
	89.96 
	174.66 
	301.04 
	136.02 
	240.56 
	391.66 

	1999
	0.00 
	0.59 
	22.49 
	0.00 
	0.00 
	9.74 
	337.74 
	492.77 
	694.14 
	484.51 
	669.43 
	904.40 
	82.01 
	158.57 
	274.62 
	125.55 
	218.55 
	357.23 

	2000
	0.00 
	0.78 
	28.95 
	0.00 
	0.00 
	13.17 
	442.66 
	647.38 
	911.71 
	625.98 
	872.25 
	1190.80 
	105.61 
	208.01 
	358.04 
	162.52 
	287.13 
	460.18 

	2001
	0.00 
	0.67 
	23.77 
	0.00 
	0.00 
	11.18 
	356.08 
	519.94 
	733.68 
	504.24 
	707.77 
	955.60 
	86.85 
	167.30 
	294.40 
	132.98 
	229.99 
	375.54 

	2002
	0.00 
	0.68 
	26.77 
	0.00 
	0.00 
	11.38 
	391.91 
	570.74 
	799.53 
	560.94 
	780.71 
	1055.84 
	95.79 
	183.08 
	319.48 
	144.40 
	252.49 
	409.58 

	2003
	0.00 
	0.48 
	17.08 
	0.00 
	0.00 
	8.04 
	267.60 
	389.61 
	549.11 
	383.23 
	530.54 
	722.48 
	65.25 
	125.66 
	217.77 
	97.98 
	173.35 
	281.09 

	2004
	0.00 
	0.48 
	17.85 
	0.00 
	0.00 
	7.17 
	267.74 
	388.62 
	548.73 
	380.77 
	527.09 
	708.30 
	64.96 
	126.05 
	218.97 
	98.77 
	173.21 
	280.35 

	2005
	0.00 
	0.63 
	23.36 
	0.00 
	0.00 
	10.11 
	341.88 
	497.88 
	697.65 
	487.05 
	674.51 
	910.38 
	83.33 
	159.68 
	278.60 
	125.22 
	220.59 
	354.62 

	2006
	0.00 
	0.57 
	23.42 
	0.00 
	0.00 
	10.17 
	339.58 
	497.83 
	696.13 
	490.78 
	675.19 
	906.39 
	82.16 
	159.57 
	277.98 
	124.99 
	219.15 
	354.75 

	2007
	0.00 
	0.62 
	24.49 
	0.00 
	0.00 
	10.89 
	369.76 
	539.28 
	769.21 
	532.61 
	736.60 
	1005.96 
	88.80 
	174.16 
	305.10 
	137.43 
	240.15 
	389.22 

	2008
	0.00 
	0.65 
	25.54 
	0.00 
	0.00 
	10.64 
	391.13 
	566.60 
	794.98 
	553.51 
	769.35 
	1037.80 
	94.48 
	182.10 
	313.36 
	142.03 
	249.58 
	406.52 

	2009
	0.00 
	0.73 
	27.60 
	0.00 
	0.00 
	12.37 
	412.86 
	599.91 
	844.31 
	589.39 
	813.86 
	1099.45 
	100.95 
	193.76 
	339.00 
	154.52 
	266.24 
	426.65 

	2010
	0.00 
	0.83 
	30.63 
	0.00 
	0.01 
	14.19 
	445.91 
	647.31 
	911.26 
	638.39 
	881.41 
	1190.77 
	106.79 
	208.77 
	362.10 
	164.59 
	285.93 
	461.66 

	2011
	0.00 
	0.91 
	35.59 
	0.00 
	0.01 
	15.28 
	523.12 
	756.92 
	1063.57 
	747.39 
	1027.29 
	1390.46 
	126.40 
	243.76 
	424.42 
	191.63 
	334.90 
	540.48 

	2012
	0.00 
	0.94 
	34.42 
	0.00 
	0.00 
	14.04 
	507.96 
	742.30 
	1049.15 
	712.11 
	1004.38 
	1362.21 
	123.04 
	239.62 
	406.57 
	187.56 
	328.30 
	531.21 

	2013
	0.00 
	0.93 
	33.85 
	0.00 
	0.00 
	14.86 
	490.01 
	718.86 
	1013.67 
	702.08 
	979.46 
	1316.24 
	121.43 
	234.30 
	405.89 
	180.90 
	320.19 
	516.58 

	2014
	0.00 
	0.83 
	34.56 
	0.00 
	0.00 
	14.41 
	495.81 
	718.30 
	1019.36 
	704.10 
	976.12 
	1312.75 
	120.65 
	232.76 
	403.67 
	183.83 
	320.47 
	514.29 

	2015
	0.00 
	0.95 
	35.55 
	0.00 
	0.00 
	16.10 
	510.95 
	749.32 
	1056.88 
	733.32 
	1023.29 
	1386.64 
	124.57 
	240.04 
	415.59 
	189.45 
	332.86 
	539.67 

	2016
	0.00 
	0.84 
	33.36 
	0.00 
	0.00 
	15.18 
	492.95 
	716.11 
	1018.13 
	706.34 
	975.33 
	1328.29 
	119.97 
	230.15 
	405.63 
	181.30 
	317.94 
	513.04 

	2017
	0.00 
	1.07 
	40.53 
	0.00 
	0.00 
	16.36 
	599.94 
	879.33 
	1238.89 
	861.75 
	1197.29 
	1620.62 
	143.28 
	284.39 
	491.60 
	220.60 
	391.18 
	631.26 

	2018
	0.00 
	0.96 
	36.26 
	0.00 
	0.01 
	18.57 
	566.30 
	823.84 
	1166.48 
	813.96 
	1119.44 
	1525.99 
	136.60 
	265.77 
	462.21 
	208.56 
	366.45 
	593.40 

	2019
	0.00 
	1.06 
	41.76 
	0.00 
	0.01 
	17.66 
	604.26 
	875.16 
	1231.41 
	859.08 
	1190.97 
	1617.60 
	146.34 
	282.03 
	488.14 
	220.18 
	388.48 
	630.18 

	2020
	0.00 
	1.54 
	56.63 
	0.00 
	0.01 
	26.10 
	844.66 
	1219.97 
	1732.83 
	1197.51 
	1653.62 
	2230.55 
	200.71 
	393.81 
	677.86 
	308.74 
	541.43 
	875.97 

	2021
	0.00 
	2.28 
	79.49 
	0.00 
	0.01 
	34.47 
	1179.92 
	1696.09 
	2406.33 
	1662.68 
	2311.59 
	3158.68 
	283.37 
	548.10 
	947.13 
	432.67 
	751.32 
	1218.60 

	2022
	0.00 
	2.48 
	105.18 
	0.00 
	0.01 
	49.34 
	1625.47 
	2356.27 
	3315.14 
	2287.05 
	3178.07 
	4290.18 
	389.87 
	753.01 
	1299.43 
	598.53 
	1040.89 
	1687.62 

	2023
	0.00 
	3.80 
	150.27 
	0.00 
	0.02 
	63.82 
	2157.29 
	3129.17 
	4433.59 
	3061.59 
	4244.68 
	5756.35 
	521.15 
	1002.78 
	1734.74 
	792.20 
	1380.29 
	2220.41 

	Total
	0.00 
	59.49 
	2230.48 
	0.00 
	0.33 
	990.96 
	33258.99 
	48430.94 
	68267.43 
	47384.44 
	65747.34 
	89025.88 
	8037.90 
	15582.06 
	27062.05 
	12265.01 
	21476.34 
	34777.01 












Solar panels in spacecraft

	The power subsystem typically accounts for one-third of the total spacecraft weight, with batteries making up one-third of the power system's weight. This system typically includes the solar array, batteries, control circuitry for managing battery charging and discharging, as well as power filters, converters, and switches responsible for distributing power to various spacecraft subsystems.

	Reference: NASA
	https://ntrs.nasa.gov/api/citations/19960054145/downloads/19960054145.pdf

	 
	 

	Generally, solar panels can account for a significant portion of the total satellite weight, typically ranging from around 20-30%.

	Reference: NASA
	https://www.lpi.usra.edu/opag/meetings/aug2015/presentations/day-2/11_beauchamp.pdf

	 
	 

	Power-to-weight ratio of solar panels for spacecraft (W/kg), 110 W/Kg in 1972

	The power-to-weight ratio for solar panels used in spacecraft typically ranges from about 50 watts per kilogram (W/kg) to over 300 W/kg for high-efficiency solar cells.

	Reference: NASA
	https://ntrs.nasa.gov/api/citations/19720022383/downloads/19720022383.pdf

	 
	 

	Space missions using solar arrays, regardless of spacecraft mass, are strongly clustered around ~30 W/kg.

	The average mission power consumption of 1000 W and a medium value of 600 W.

	Reference: NASA
	https://www.nasa.gov/smallsat-institute/sst-soa/power-subsystems/
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[bookmark: _Toc235551852]Figure S5. Specific power-to-weight ratio of solar arrays in spacecraft. The larger red circles represent missions located farther from Earth, corresponding to the red tones on the distance scale. Figure obtained from NASA61.


[bookmark: _Toc235551903]Table S15. Metal intensity in solar panels.62

	Crystalline silicon
	Multijunction

	Material
	kg/MW
	III-V
	Material
	kg/MW

	Al
	184
	In
	15
	In
	15

	Ag
	21
	Ga
	52
	Ga
	52

	Cu
	946
	Al
	19
	Al
	27

	Pb
	62
	As
	262
	As
	262

	Sn
	59
	TCO
	Zn
	0.04

	Si
	3430
	Al
	3
	Si
	4595

	Efficiency (%)
	17
	Zn
	0.04
	Cu
	574

	
	
	Si bottom cell
	Sn
	36

	
	
	Si
	4595
	Pb
	37

	
	
	Al
	5
	Efficiency (%)
	28

	
	
	Cu
	574
	
	

	
	
	Sn
	36
	
	

	
	
	Pb
	37
	
	





[bookmark: _Toc235551853]Figure S6.  Distribution of solar-panel mass fractions derived from Monte Carlo sampling (N=10,000). Fractions follow a triangular distribution (20-30%, mode = 25%) to capture differences in spacecraft architectures, orbit profiles, and mission power requirements.





[bookmark: _Toc235551854]Figure S7.  Monte Carlo distribution of spacecraft specific power (W/kg) based on 10,000 simulations.
Histogram of simulated specific power values derived from sampled spacecraft masses and power-system parameters.







[bookmark: _Toc235551904]Table S16. Solar panels distribution in spacecrafts and its evolution.

	Year
	Panels mass
	Capacity
	c-Si
	M-junction
	c-Si
	M-junction

	 
	t
	MW
	%
	%
	MW
	MW

	1957
	0.15
	0.00
	100
	0
	0.00
	0.00

	1958
	1.99
	0.06
	100
	0
	0.06
	0.00

	1959
	2.25
	0.07
	100
	0
	0.07
	0.00

	1960
	11.09
	0.33
	100
	0
	0.33
	0.00

	1961
	18.16
	0.54
	100
	0
	0.54
	0.00

	1962
	24.17
	0.73
	100
	0
	0.73
	0.00

	1963
	17.33
	0.52
	100
	0
	0.52
	0.00

	1964
	43.71
	1.31
	100
	0
	1.31
	0.00

	1965
	58.73
	1.76
	100
	0
	1.76
	0.00

	1966
	70.67
	2.12
	100
	0
	2.12
	0.00

	1967
	59.63
	1.79
	100
	0
	1.79
	0.00

	1968
	90.15
	2.70
	100
	0
	2.70
	0.00

	1969
	163.42
	4.90
	100
	0
	4.90
	0.00

	1970
	83.69
	2.51
	100
	0
	2.51
	0.00

	1971
	129.07
	3.87
	100
	0
	3.87
	0.00

	1972
	123.80
	3.71
	100
	0
	3.71
	0.00

	1973
	145.17
	4.36
	100
	0
	4.36
	0.00

	1974
	98.57
	2.96
	100
	0
	2.96
	0.00

	1975
	103.47
	3.10
	100
	0
	3.10
	0.00

	1976
	101.49
	3.04
	100
	0
	3.04
	0.00

	1977
	100.08
	3.00
	100
	0
	3.00
	0.00

	1978
	103.67
	3.11
	100
	0
	3.11
	0.00

	1979
	97.76
	2.93
	100
	0
	2.93
	0.00

	1980
	102.05
	3.06
	100
	0
	3.06
	0.00

	1981
	107.19
	3.22
	100
	0
	3.22
	0.00

	1982
	114.70
	3.44
	100
	0
	3.44
	0.00

	1983
	105.96
	3.18
	100
	0
	3.18
	0.00

	1984
	113.88
	3.42
	100
	0
	3.42
	0.00

	1985
	114.07
	3.42
	100
	0
	3.42
	0.00

	1986
	100.90
	3.03
	100
	0
	3.03
	0.00

	1987
	134.81
	4.04
	90
	10
	3.64
	0.40

	1988
	135.19
	4.06
	80
	20
	3.24
	0.81

	1989
	101.77
	3.05
	70
	30
	2.14
	0.92

	1990
	102.09
	3.06
	60
	40
	1.84
	1.23

	1991
	79.09
	2.37
	50
	50
	1.19
	1.19

	1992
	74.71
	2.24
	40
	60
	0.90
	1.34

	1993
	60.18
	1.81
	30
	70
	0.54
	1.26

	1994
	71.26
	2.14
	20
	80
	0.43
	1.71

	1995
	65.12
	1.95
	10
	90
	0.20
	1.76

	1996
	56.40
	1.69
	0
	100
	0.00
	1.69

	1997
	74.07
	2.22
	0
	100
	0.00
	2.22

	1998
	62.52
	1.88
	0
	100
	0.00
	1.88

	1999
	56.52
	1.70
	0
	100
	0.00
	1.70

	2000
	74.11
	2.22
	0
	100
	0.00
	2.22

	2001
	59.70
	1.79
	0
	100
	0.00
	1.79

	2002
	65.72
	1.97
	0
	100
	0.00
	1.97

	2003
	44.77
	1.34
	0
	100
	0.00
	1.34

	2004
	44.73
	1.34
	0
	100
	0.00
	1.34

	2005
	57.12
	1.71
	0
	100
	0.00
	1.71

	2006
	56.94
	1.71
	0
	100
	0.00
	1.71

	2007
	62.23
	1.87
	0
	100
	0.00
	1.87

	2008
	65.01
	1.95
	0
	100
	0.00
	1.95

	2009
	68.77
	2.06
	0
	100
	0.00
	2.06

	2010
	74.27
	2.23
	0
	100
	0.00
	2.23

	2011
	86.82
	2.60
	0
	100
	0.00
	2.60

	2012
	84.97
	2.55
	0
	100
	0.00
	2.55

	2013
	82.77
	2.48
	0
	100
	0.00
	2.48

	2014
	82.42
	2.47
	0
	100
	0.00
	2.47

	2015
	86.12
	2.58
	0
	100
	0.00
	2.58

	2016
	82.86
	2.49
	0
	100
	0.00
	2.49

	2017
	101.11
	3.03
	0
	100
	0.00
	3.03

	2018
	94.94
	2.85
	0
	100
	0.00
	2.85

	2019
	100.74
	3.02
	0
	100
	0.00
	3.02

	2020
	140.24
	4.21
	0
	100
	0.00
	4.21

	2021
	195.70
	5.87
	0
	100
	0.00
	5.87

	2022
	269.43
	8.08
	0
	100
	0.00
	8.08

	2023
	359.86
	10.80
	0
	100
	0.00
	10.80

	Total
	5922.1
	177.66
	 
	 
	86.32
	91.35




[bookmark: _Toc235551905]Table S17. Annual metal demand for spacecraft solar panels (1957-2023). Includes uncertainty from subsystem mass fraction (triangular distribution), solar specific power (20-100 W/kg), and Dirichlet-sampled compositional shares. Values represent P05, P50, and P95 (kg/y). Part I.

	Year
	Ag_P05
	Ag_P50
	Ag_P95
	Al_P05
	Al_P50
	Al_P95
	As_P05
	As_P50
	As_P95
	Cu_P05
	Cu_P50
	Cu_P95
	Ga_P05
	Ga_P50
	Ga_P95

	1957
	0.1 
	0.1 
	0.3 
	0.7 
	1.3 
	2.3 
	0.0 
	0.0 
	0.0 
	3.6 
	6.5 
	11.8 
	0.0 
	0.0 
	0.0 

	1958
	0.8 
	1.9 
	4.0 
	9.1 
	17.0 
	31.3 
	0.0 
	0.0 
	0.0 
	48.2 
	87.7 
	158.8 
	0.0 
	0.0 
	0.0 

	1959
	0.9 
	2.1 
	4.6 
	10.4 
	19.3 
	35.6 
	0.0 
	0.0 
	0.0 
	55.0 
	99.9 
	178.8 
	0.0 
	0.0 
	0.0 

	1960
	4.5 
	10.3 
	22.5 
	51.5 
	94.6 
	175.6 
	0.0 
	0.0 
	0.0 
	270.1 
	490.4 
	890.2 
	0.0 
	0.0 
	0.0 

	1961
	7.5 
	17.0 
	37.0 
	84.4 
	155.7 
	287.2 
	0.0 
	0.0 
	0.0 
	443.3 
	807.4 
	1458.6 
	0.0 
	0.0 
	0.0 

	1962
	9.9 
	22.5 
	49.2 
	111.6 
	207.4 
	383.6 
	0.0 
	0.0 
	0.0 
	590.5 
	1068.1 
	1932.3 
	0.0 
	0.0 
	0.0 

	1963
	7.1 
	16.2 
	35.1 
	79.9 
	148.3 
	276.6 
	0.0 
	0.0 
	0.0 
	423.5 
	764.6 
	1387.6 
	0.0 
	0.0 
	0.0 

	1964
	17.7 
	41.0 
	88.8 
	201.8 
	374.1 
	692.1 
	0.0 
	0.0 
	0.0 
	1064.1 
	1931.6 
	3493.8 
	0.0 
	0.0 
	0.0 

	1965
	24.1 
	55.0 
	119.7 
	272.1 
	502.3 
	930.2 
	0.0 
	0.0 
	0.0 
	1434.2 
	2602.1 
	4685.0 
	0.0 
	0.0 
	0.0 

	1966
	28.9 
	65.9 
	143.4 
	325.3 
	605.1 
	1121.8 
	0.0 
	0.0 
	0.0 
	1715.3 
	3120.3 
	5659.2 
	0.0 
	0.0 
	0.0 

	1967
	24.2 
	55.9 
	120.9 
	275.4 
	509.1 
	950.2 
	0.0 
	0.0 
	0.0 
	1453.3 
	2634.2 
	4771.4 
	0.0 
	0.0 
	0.0 

	1968
	36.8 
	83.9 
	184.6 
	413.7 
	770.1 
	1425.8 
	0.0 
	0.0 
	0.0 
	2196.1 
	3996.0 
	7185.5 
	0.0 
	0.0 
	0.0 

	1969
	66.6 
	151.9 
	335.0 
	754.0 
	1402.7 
	2585.2 
	0.0 
	0.0 
	0.0 
	3994.9 
	7246.4 
	13045.2 
	0.0 
	0.0 
	0.0 

	1970
	34.2 
	78.3 
	169.6 
	386.5 
	716.9 
	1316.7 
	0.0 
	0.0 
	0.0 
	2043.6 
	3708.6 
	6648.5 
	0.0 
	0.0 
	0.0 

	1971
	52.2 
	120.9 
	263.1 
	595.8 
	1105.9 
	2052.6 
	0.0 
	0.0 
	0.0 
	3139.2 
	5706.0 
	10352.3 
	0.0 
	0.0 
	0.0 

	1972
	50.8 
	115.2 
	252.3 
	571.7 
	1062.7 
	1963.5 
	0.0 
	0.0 
	0.0 
	3019.0 
	5479.2 
	9835.6 
	0.0 
	0.0 
	0.0 

	1973
	59.5 
	136.1 
	294.1 
	663.8 
	1241.9 
	2311.4 
	0.0 
	0.0 
	0.0 
	3537.4 
	6428.3 
	11590.6 
	0.0 
	0.0 
	0.0 

	1974
	39.9 
	92.4 
	200.0 
	450.4 
	844.4 
	1559.2 
	0.0 
	0.0 
	0.0 
	2383.5 
	4357.0 
	7842.8 
	0.0 
	0.0 
	0.0 

	1975
	42.5 
	96.9 
	211.4 
	474.2 
	886.1 
	1651.6 
	0.0 
	0.0 
	0.0 
	2518.6 
	4578.9 
	8254.8 
	0.0 
	0.0 
	0.0 

	1976
	41.1 
	94.7 
	206.3 
	466.6 
	867.9 
	1600.4 
	0.0 
	0.0 
	0.0 
	2468.1 
	4477.4 
	8057.3 
	0.0 
	0.0 
	0.0 

	1977
	40.3 
	93.7 
	204.2 
	459.8 
	853.3 
	1584.4 
	0.0 
	0.0 
	0.0 
	2435.1 
	4420.9 
	7992.1 
	0.0 
	0.0 
	0.0 

	1978
	42.5 
	97.1 
	211.5 
	476.4 
	888.0 
	1653.8 
	0.0 
	0.0 
	0.0 
	2534.9 
	4609.7 
	8323.2 
	0.0 
	0.0 
	0.0 

	1979
	40.2 
	91.7 
	199.8 
	449.3 
	835.8 
	1550.7 
	0.0 
	0.0 
	0.0 
	2367.8 
	4334.1 
	7817.4 
	0.0 
	0.0 
	0.0 

	1980
	41.7 
	95.2 
	206.6 
	471.1 
	875.5 
	1611.1 
	0.0 
	0.0 
	0.0 
	2491.5 
	4516.1 
	8122.6 
	0.0 
	0.0 
	0.0 

	1981
	44.0 
	100.5 
	217.3 
	493.4 
	920.1 
	1695.3 
	0.0 
	0.0 
	0.0 
	2609.7 
	4745.2 
	8545.3 
	0.0 
	0.0 
	0.0 

	1982
	46.7 
	107.2 
	232.3 
	530.0 
	984.2 
	1816.0 
	0.0 
	0.0 
	0.0 
	2791.3 
	5079.1 
	9150.5 
	0.0 
	0.0 
	0.0 

	1983
	43.3 
	98.9 
	215.6 
	487.8 
	907.7 
	1680.5 
	0.0 
	0.0 
	0.0 
	2573.7 
	4674.3 
	8467.6 
	0.0 
	0.0 
	0.0 

	1984
	46.5 
	106.9 
	232.6 
	522.6 
	973.9 
	1799.7 
	0.0 
	0.0 
	0.0 
	2781.2 
	5033.0 
	9117.7 
	0.0 
	0.0 
	0.0 

	1985
	46.8 
	107.0 
	232.0 
	528.7 
	982.8 
	1815.2 
	0.0 
	0.0 
	0.0 
	2778.5 
	5057.2 
	9104.1 
	0.0 
	0.0 
	0.0 

	1986
	41.5 
	94.5 
	204.4 
	465.5 
	865.1 
	1604.3 
	0.0 
	0.0 
	0.0 
	2440.6 
	4478.1 
	8041.5 
	0.0 
	0.0 
	0.0 

	1987
	49.6 
	113.4 
	247.4 
	569.3 
	1055.5 
	1942.9 
	90.7 
	165.1 
	299.3 
	3161.5 
	5754.2 
	10288.7 
	17.3 
	32.5 
	60.5 

	1988
	44.1 
	100.7 
	220.2 
	512.4 
	959.2 
	1778.5 
	182.0 
	331.5 
	597.9 
	3033.3 
	5526.5 
	9937.9 
	34.3 
	65.4 
	122.0 

	1989
	29.0 
	66.6 
	145.0 
	348.6 
	647.6 
	1199.4 
	203.9 
	374.9 
	679.9 
	2178.7 
	3978.0 
	7150.2 
	38.8 
	74.2 
	137.5 

	1990
	25.1 
	57.5 
	125.5 
	311.3 
	576.1 
	1059.9 
	274.7 
	499.5 
	913.3 
	2112.7 
	3807.6 
	6887.2 
	52.2 
	98.6 
	184.4 

	1991
	16.1 
	37.0 
	80.8 
	210.0 
	388.0 
	713.3 
	266.4 
	487.1 
	869.9 
	1552.8 
	2819.4 
	5004.2 
	50.5 
	95.8 
	177.1 

	1992
	12.1 
	27.9 
	60.7 
	169.4 
	313.6 
	572.7 
	300.9 
	549.9 
	999.8 
	1392.0 
	2538.3 
	4564.0 
	56.8 
	108.8 
	200.9 

	1993
	7.5 
	16.9 
	36.9 
	112.3 
	208.2 
	380.6 
	283.2 
	517.4 
	931.5 
	1062.9 
	1940.4 
	3463.9 
	53.9 
	102.3 
	187.4 

	1994
	5.9 
	13.3 
	29.1 
	104.6 
	193.6 
	356.2 
	385.8 
	700.3 
	1266.4 
	1190.8 
	2171.0 
	3899.9 
	72.6 
	138.5 
	255.8 

	1995
	2.7 
	6.1 
	13.3 
	69.0 
	129.4 
	241.7 
	391.7 
	717.7 
	1308.7 
	1017.0 
	1860.2 
	3364.1 
	74.4 
	141.5 
	264.0 

	1996
	0.0 
	0.0 
	0.0 
	36.0 
	70.1 
	135.4 
	379.3 
	694.8 
	1249.2 
	832.5 
	1525.6 
	2736.0 
	72.0 
	136.7 
	252.2 

	1997
	0.0 
	0.0 
	0.0 
	47.1 
	92.0 
	177.7 
	497.7 
	907.0 
	1643.0 
	1089.3 
	1992.1 
	3582.6 
	94.6 
	178.6 
	334.2 

	1998
	0.0 
	0.0 
	0.0 
	40.1 
	77.5 
	151.1 
	422.3 
	765.2 
	1391.5 
	927.2 
	1684.3 
	3035.4 
	79.8 
	150.6 
	281.2 

	1999
	0.0 
	0.0 
	0.0 
	36.1 
	70.1 
	136.2 
	380.6 
	691.5 
	1256.1 
	824.8 
	1517.8 
	2750.4 
	72.3 
	137.2 
	254.4 

	2000
	0.0 
	0.0 
	0.0 
	47.0 
	92.1 
	179.0 
	498.9 
	904.4 
	1641.3 
	1097.3 
	1984.7 
	3576.9 
	94.9 
	178.8 
	332.1 

	2001
	0.0 
	0.0 
	0.0 
	38.0 
	74.1 
	144.0 
	402.0 
	728.8 
	1330.0 
	881.2 
	1603.8 
	2904.5 
	76.2 
	144.5 
	268.7 

	2002
	0.0 
	0.0 
	0.0 
	41.8 
	81.3 
	157.6 
	443.1 
	801.8 
	1455.0 
	971.1 
	1762.9 
	3198.5 
	83.8 
	158.5 
	294.9 

	2003
	0.0 
	0.0 
	0.0 
	28.3 
	55.7 
	108.1 
	299.7 
	549.9 
	994.5 
	659.4 
	1208.3 
	2182.0 
	57.7 
	108.6 
	200.1 

	2004
	0.0 
	0.0 
	0.0 
	28.3 
	55.6 
	107.7 
	300.5 
	547.7 
	988.8 
	659.6 
	1203.8 
	2164.5 
	57.4 
	108.4 
	200.4 

	2005
	0.0 
	0.0 
	0.0 
	36.3 
	70.7 
	136.3 
	383.3 
	697.9 
	1268.5 
	844.7 
	1534.2 
	2777.5 
	72.5 
	138.1 
	257.6 

	2006
	0.0 
	0.0 
	0.0 
	36.3 
	70.6 
	138.1 
	382.0 
	699.1 
	1264.1 
	837.7 
	1532.9 
	2764.2 
	72.1 
	137.5 
	258.1 

	2007
	0.0 
	0.0 
	0.0 
	39.7 
	77.2 
	149.9 
	420.0 
	762.5 
	1379.8 
	919.4 
	1679.5 
	3006.1 
	79.1 
	150.4 
	280.6 

	2008
	0.0 
	0.0 
	0.0 
	41.7 
	80.9 
	157.0 
	437.7 
	795.8 
	1447.6 
	964.0 
	1744.2 
	3172.8 
	83.7 
	156.7 
	292.4 

	2009
	0.0 
	0.0 
	0.0 
	43.6 
	85.1 
	165.5 
	466.6 
	842.2 
	1522.3 
	1019.7 
	1850.3 
	3325.9 
	88.3 
	166.6 
	307.8 

	2010
	0.0 
	0.0 
	0.0 
	47.1 
	92.3 
	179.0 
	497.5 
	910.1 
	1646.3 
	1093.9 
	2001.7 
	3622.8 
	93.9 
	179.5 
	334.4 

	2011
	0.0 
	0.0 
	0.0 
	55.0 
	107.3 
	208.4 
	583.3 
	1057.7 
	1914.8 
	1278.9 
	2327.8 
	4185.9 
	111.4 
	209.1 
	387.2 

	2012
	0.0 
	0.0 
	0.0 
	54.3 
	105.7 
	205.6 
	574.6 
	1041.4 
	1882.9 
	1264.3 
	2287.1 
	4125.5 
	109.3 
	205.7 
	384.0 

	2013
	0.0 
	0.0 
	0.0 
	52.5 
	102.8 
	198.5 
	555.9 
	1013.4 
	1829.6 
	1226.0 
	2222.1 
	3998.9 
	106.1 
	200.3 
	370.1 

	2014
	0.0 
	0.0 
	0.0 
	52.2 
	102.4 
	199.1 
	557.7 
	1009.6 
	1832.0 
	1221.3 
	2226.0 
	4004.5 
	105.8 
	198.6 
	369.4 

	2015
	0.0 
	0.0 
	0.0 
	55.2 
	107.1 
	208.1 
	580.7 
	1053.9 
	1917.7 
	1273.2 
	2316.8 
	4214.0 
	110.2 
	208.2 
	389.1 

	2016
	0.0 
	0.0 
	0.0 
	52.5 
	103.2 
	199.0 
	560.8 
	1015.9 
	1838.0 
	1228.2 
	2232.5 
	4034.3 
	105.8 
	200.4 
	371.9 

	2017
	0.0 
	0.0 
	0.0 
	64.8 
	125.6 
	244.0 
	680.8 
	1235.1 
	2242.6 
	1494.0 
	2705.4 
	4887.7 
	128.9 
	243.5 
	451.9 

	2018
	0.0 
	0.0 
	0.0 
	60.7 
	117.9 
	228.7 
	639.2 
	1164.2 
	2103.8 
	1397.4 
	2557.0 
	4607.3 
	120.8 
	229.0 
	425.6 

	2019
	0.0 
	0.0 
	0.0 
	64.4 
	125.2 
	241.9 
	679.3 
	1233.6 
	2234.2 
	1489.3 
	2701.2 
	4893.8 
	128.6 
	243.8 
	456.6 

	2020
	0.0 
	0.0 
	0.0 
	89.7 
	173.6 
	338.7 
	940.7 
	1722.3 
	3109.2 
	2070.8 
	3763.3 
	6809.6 
	178.7 
	338.8 
	632.0 

	2021
	0.0 
	0.0 
	0.0 
	123.5 
	242.5 
	469.9 
	1310.5 
	2395.1 
	4361.6 
	2881.1 
	5262.8 
	9489.6 
	249.5 
	474.6 
	880.3 

	2022
	0.0 
	0.0 
	0.0 
	171.5 
	334.1 
	647.2 
	1811.5 
	3298.3 
	5980.1 
	3986.1 
	7248.0 
	13040.1 
	346.1 
	648.7 
	1208.1 

	2023
	0.0 
	0.0 
	0.0 
	229.2 
	445.8 
	865.7 
	2421.8 
	4401.7 
	8015.6 
	5325.2 
	9676.3 
	17516.5 
	459.6 
	872.4 
	1613.7 

	Total
	1174.6 
	2690.5 
	5857.0 
	15203.6 
	28429.2 
	52886.5 
	20487.3 
	37284.2 
	67606.9 
	115065.2 
	209286.2 
	377289.8 
	3890.1 
	7361.9 
	13678.7 




[bookmark: _Toc235551906]Table S18. Annual metal demand for spacecraft solar panels (1957-2023). Includes uncertainty from subsystem mass fraction (triangular distribution), solar specific power (20-100 W/kg), and Dirichlet-sampled compositional shares. Values represent P05, P50, and P95 (kg/y). Part I.

	Year
	In_P05
	In_P50
	In_P95
	Pb_P05
	Pb_P50
	Pb_P95
	Si_P05
	Si_P50
	Si_P95
	Sn_P05
	Sn_P50
	Sn_P95
	Zn_P05
	Zn_P50
	Zn_P95

	1957
	0.0 
	0.0 
	0.0 
	0.2 
	0.4 
	0.8 
	13.1 
	23.8 
	42.6 
	0.2 
	0.4 
	0.8 
	0.0 
	0.0 
	0.0 

	1958
	0.0 
	0.0 
	0.0 
	2.9 
	5.7 
	11.0 
	176.7 
	320.4 
	576.3 
	2.7 
	5.4 
	10.5 
	0.0 
	0.0 
	0.0 

	1959
	0.0 
	0.0 
	0.0 
	3.3 
	6.4 
	12.5 
	200.0 
	362.7 
	650.7 
	3.1 
	6.1 
	11.9 
	0.0 
	0.0 
	0.0 

	1960
	0.0 
	0.0 
	0.0 
	16.1 
	31.7 
	62.0 
	984.0 
	1784.1 
	3216.8 
	15.2 
	30.1 
	58.9 
	0.0 
	0.0 
	0.0 

	1961
	0.0 
	0.0 
	0.0 
	26.2 
	52.1 
	100.9 
	1610.9 
	2935.2 
	5285.4 
	25.0 
	49.4 
	96.0 
	0.0 
	0.0 
	0.0 

	1962
	0.0 
	0.0 
	0.0 
	35.1 
	69.1 
	133.9 
	2157.3 
	3884.9 
	7005.4 
	33.0 
	65.3 
	128.0 
	0.0 
	0.0 
	0.0 

	1963
	0.0 
	0.0 
	0.0 
	25.1 
	49.7 
	96.6 
	1539.7 
	2782.9 
	5016.0 
	23.9 
	47.0 
	92.0 
	0.0 
	0.0 
	0.0 

	1964
	0.0 
	0.0 
	0.0 
	63.1 
	125.2 
	242.8 
	3856.1 
	7042.9 
	12635.1 
	60.1 
	119.1 
	229.8 
	0.0 
	0.0 
	0.0 

	1965
	0.0 
	0.0 
	0.0 
	85.0 
	168.0 
	323.8 
	5244.8 
	9443.6 
	16975.1 
	81.0 
	159.2 
	311.9 
	0.0 
	0.0 
	0.0 

	1966
	0.0 
	0.0 
	0.0 
	101.6 
	202.9 
	390.6 
	6249.3 
	11373.9 
	20464.1 
	97.2 
	191.6 
	373.0 
	0.0 
	0.0 
	0.0 

	1967
	0.0 
	0.0 
	0.0 
	86.5 
	170.2 
	329.4 
	5304.2 
	9617.9 
	17257.8 
	81.8 
	161.6 
	316.7 
	0.0 
	0.0 
	0.0 

	1968
	0.0 
	0.0 
	0.0 
	129.5 
	258.0 
	499.8 
	8002.2 
	14503.7 
	26082.7 
	123.6 
	244.2 
	476.8 
	0.0 
	0.0 
	0.0 

	1969
	0.0 
	0.0 
	0.0 
	236.4 
	468.4 
	907.3 
	14524.9 
	26355.7 
	47280.0 
	224.5 
	443.9 
	862.4 
	0.0 
	0.0 
	0.0 

	1970
	0.0 
	0.0 
	0.0 
	120.0 
	239.6 
	458.8 
	7424.7 
	13476.5 
	24179.8 
	114.9 
	228.1 
	439.9 
	0.0 
	0.0 
	0.0 

	1971
	0.0 
	0.0 
	0.0 
	186.6 
	368.4 
	715.7 
	11476.3 
	20774.1 
	37469.6 
	178.7 
	350.6 
	681.8 
	0.0 
	0.0 
	0.0 

	1972
	0.0 
	0.0 
	0.0 
	178.8 
	355.1 
	689.2 
	10980.4 
	19919.1 
	35800.0 
	170.1 
	335.7 
	655.3 
	0.0 
	0.0 
	0.0 

	1973
	0.0 
	0.0 
	0.0 
	208.7 
	416.1 
	801.7 
	12802.7 
	23349.0 
	41940.3 
	199.7 
	393.3 
	772.6 
	0.0 
	0.0 
	0.0 

	1974
	0.0 
	0.0 
	0.0 
	141.5 
	282.3 
	546.8 
	8746.8 
	15866.9 
	28393.6 
	134.5 
	268.2 
	519.4 
	0.0 
	0.0 
	0.0 

	1975
	0.0 
	0.0 
	0.0 
	149.3 
	295.6 
	576.3 
	9145.1 
	16647.5 
	30049.6 
	142.3 
	279.8 
	546.2 
	0.0 
	0.0 
	0.0 

	1976
	0.0 
	0.0 
	0.0 
	147.1 
	289.8 
	561.7 
	9001.4 
	16247.7 
	29134.0 
	139.5 
	275.9 
	535.1 
	0.0 
	0.0 
	0.0 

	1977
	0.0 
	0.0 
	0.0 
	143.9 
	286.5 
	555.3 
	8881.2 
	16106.0 
	28861.1 
	136.2 
	270.9 
	528.6 
	0.0 
	0.0 
	0.0 

	1978
	0.0 
	0.0 
	0.0 
	150.0 
	297.1 
	575.9 
	9221.6 
	16735.6 
	29915.6 
	142.7 
	281.4 
	549.5 
	0.0 
	0.0 
	0.0 

	1979
	0.0 
	0.0 
	0.0 
	140.9 
	280.3 
	544.8 
	8628.2 
	15784.8 
	28193.9 
	133.6 
	265.3 
	513.8 
	0.0 
	0.0 
	0.0 

	1980
	0.0 
	0.0 
	0.0 
	147.4 
	291.7 
	564.6 
	9100.2 
	16426.7 
	29375.1 
	140.2 
	275.9 
	541.5 
	0.0 
	0.0 
	0.0 

	1981
	0.0 
	0.0 
	0.0 
	155.0 
	307.3 
	594.0 
	9534.5 
	17287.1 
	31018.4 
	147.4 
	292.1 
	566.5 
	0.0 
	0.0 
	0.0 

	1982
	0.0 
	0.0 
	0.0 
	165.3 
	327.3 
	634.7 
	10195.6 
	18450.8 
	33136.5 
	157.1 
	312.3 
	605.5 
	0.0 
	0.0 
	0.0 

	1983
	0.0 
	0.0 
	0.0 
	153.5 
	302.6 
	587.2 
	9397.2 
	16999.2 
	30717.6 
	145.2 
	286.2 
	561.1 
	0.0 
	0.0 
	0.0 

	1984
	0.0 
	0.0 
	0.0 
	164.1 
	326.2 
	633.4 
	10127.3 
	18297.7 
	32992.1 
	156.3 
	309.4 
	603.3 
	0.0 
	0.0 
	0.0 

	1985
	0.0 
	0.0 
	0.0 
	164.2 
	327.0 
	632.6 
	10165.3 
	18398.7 
	33051.5 
	156.3 
	310.5 
	601.9 
	0.0 
	0.0 
	0.0 

	1986
	0.0 
	0.0 
	0.0 
	146.0 
	288.9 
	556.0 
	8939.6 
	16258.8 
	29181.3 
	139.5 
	275.1 
	531.8 
	0.0 
	0.0 
	0.0 

	1987
	4.4 
	9.1 
	18.5 
	188.9 
	369.7 
	709.1 
	12384.2 
	22441.4 
	40145.9 
	180.2 
	352.3 
	678.1 
	0.0 
	0.0 
	0.1 

	1988
	8.8 
	18.3 
	37.3 
	182.3 
	356.6 
	684.5 
	12803.3 
	23255.0 
	41603.1 
	175.9 
	339.5 
	649.0 
	0.0 
	0.0 
	0.3 

	1989
	10.0 
	20.7 
	42.2 
	133.6 
	257.5 
	486.5 
	9933.3 
	18071.7 
	32399.0 
	127.8 
	246.1 
	466.6 
	0.0 
	0.0 
	0.3 

	1990
	13.5 
	27.6 
	56.4 
	129.4 
	246.7 
	465.0 
	10318.9 
	18617.8 
	33635.0 
	125.0 
	235.4 
	444.1 
	0.0 
	0.0 
	0.4 

	1991
	13.0 
	26.8 
	54.6 
	95.8 
	182.1 
	338.2 
	8213.5 
	14919.2 
	26521.3 
	92.2 
	174.9 
	322.7 
	0.0 
	0.0 
	0.4 

	1992
	14.8 
	30.4 
	61.8 
	86.4 
	163.7 
	302.5 
	7971.6 
	14543.0 
	26040.5 
	83.7 
	157.3 
	290.9 
	0.0 
	0.0 
	0.4 

	1993
	13.8 
	28.6 
	58.4 
	66.2 
	124.4 
	230.2 
	6602.8 
	12014.6 
	21432.5 
	64.4 
	120.6 
	221.6 
	0.0 
	0.0 
	0.4 

	1994
	18.8 
	38.7 
	78.6 
	74.5 
	139.1 
	258.4 
	8047.2 
	14626.9 
	26211.8 
	71.8 
	134.5 
	249.7 
	0.0 
	0.0 
	0.5 

	1995
	19.2 
	39.7 
	81.6 
	62.5 
	119.0 
	223.6 
	7482.9 
	13654.5 
	24713.0 
	61.1 
	116.3 
	216.4 
	0.0 
	0.0 
	0.6 

	1996
	18.5 
	38.2 
	77.6 
	50.5 
	96.6 
	182.3 
	6721.2 
	12227.2 
	21827.8 
	49.0 
	94.0 
	177.1 
	0.0 
	0.0 
	0.5 

	1997
	24.1 
	50.2 
	103.0 
	66.5 
	126.8 
	240.8 
	8813.4 
	15972.4 
	28736.6 
	64.7 
	123.5 
	233.6 
	0.0 
	0.0 
	0.7 

	1998
	20.5 
	42.3 
	86.3 
	56.2 
	106.9 
	203.0 
	7438.1 
	13463.8 
	24182.3 
	54.7 
	103.8 
	197.0 
	0.0 
	0.0 
	0.6 

	1999
	18.4 
	38.4 
	79.0 
	50.5 
	96.5 
	182.7 
	6699.9 
	12215.3 
	21971.3 
	49.0 
	94.1 
	177.8 
	0.0 
	0.0 
	0.5 

	2000
	24.1 
	50.3 
	101.6 
	66.5 
	127.1 
	240.0 
	8834.1 
	15915.5 
	28536.4 
	64.8 
	123.6 
	233.8 
	0.0 
	0.0 
	0.7 

	2001
	19.6 
	40.5 
	82.7 
	53.7 
	102.1 
	193.8 
	7105.7 
	12839.9 
	23155.7 
	52.1 
	99.5 
	187.9 
	0.0 
	0.0 
	0.6 

	2002
	21.5 
	44.5 
	91.2 
	58.8 
	112.2 
	211.2 
	7838.6 
	14138.1 
	25432.1 
	56.9 
	109.3 
	206.6 
	0.0 
	0.0 
	0.6 

	2003
	14.7 
	30.4 
	61.9 
	40.1 
	76.8 
	145.7 
	5279.4 
	9668.7 
	17321.2 
	38.9 
	74.5 
	140.5 
	0.0 
	0.0 
	0.4 

	2004
	14.6 
	30.3 
	62.0 
	40.0 
	76.4 
	144.9 
	5311.5 
	9615.8 
	17329.6 
	39.0 
	74.6 
	140.1 
	0.0 
	0.0 
	0.4 

	2005
	18.8 
	38.7 
	78.7 
	51.1 
	97.6 
	184.7 
	6778.6 
	12309.8 
	22204.4 
	49.8 
	95.4 
	179.6 
	0.0 
	0.0 
	0.6 

	2006
	18.5 
	38.6 
	78.6 
	50.7 
	97.5 
	185.3 
	6739.1 
	12271.2 
	22061.5 
	49.6 
	95.0 
	179.0 
	0.0 
	0.0 
	0.6 

	2007
	20.4 
	42.3 
	86.0 
	55.7 
	106.8 
	201.7 
	7389.0 
	13455.8 
	24142.1 
	54.7 
	104.0 
	195.5 
	0.0 
	0.0 
	0.6 

	2008
	21.5 
	44.0 
	90.7 
	58.6 
	111.7 
	210.8 
	7776.0 
	14028.3 
	25272.0 
	56.9 
	108.5 
	205.0 
	0.0 
	0.0 
	0.6 

	2009
	22.5 
	46.6 
	94.8 
	61.4 
	117.3 
	222.0 
	8235.6 
	14796.1 
	26630.9 
	60.1 
	114.6 
	215.4 
	0.0 
	0.0 
	0.6 

	2010
	24.4 
	50.4 
	103.3 
	66.1 
	126.7 
	241.6 
	8799.5 
	16039.9 
	28819.7 
	64.3 
	123.1 
	233.7 
	0.0 
	0.0 
	0.7 

	2011
	28.5 
	59.1 
	119.3 
	77.7 
	148.1 
	280.8 
	10298.0 
	18683.7 
	33654.0 
	75.4 
	144.2 
	272.5 
	0.0 
	0.0 
	0.8 

	2012
	27.9 
	57.6 
	117.9 
	76.3 
	145.9 
	275.5 
	10134.9 
	18296.8 
	33034.6 
	74.6 
	141.2 
	268.3 
	0.0 
	0.0 
	0.8 

	2013
	27.1 
	56.3 
	114.4 
	73.9 
	141.6 
	267.3 
	9866.2 
	17807.5 
	31921.5 
	72.5 
	137.7 
	259.0 
	0.0 
	0.0 
	0.8 

	2014
	27.1 
	55.9 
	114.1 
	74.2 
	141.4 
	267.3 
	9835.8 
	17812.9 
	31939.1 
	71.9 
	137.3 
	259.9 
	0.0 
	0.0 
	0.8 

	2015
	28.2 
	58.2 
	119.7 
	77.0 
	147.2 
	281.9 
	10239.6 
	18521.4 
	33695.9 
	75.2 
	143.5 
	273.5 
	0.0 
	0.0 
	0.8 

	2016
	27.3 
	56.0 
	114.6 
	73.8 
	141.9 
	269.4 
	9882.1 
	17870.1 
	32220.3 
	72.5 
	138.0 
	260.1 
	0.0 
	0.0 
	0.8 

	2017
	33.0 
	68.6 
	139.6 
	90.1 
	173.6 
	325.5 
	12032.1 
	21728.9 
	39139.8 
	88.2 
	168.7 
	316.9 
	0.0 
	0.0 
	1.0 

	2018
	31.1 
	64.6 
	130.6 
	84.5 
	162.9 
	307.2 
	11260.6 
	20457.7 
	36779.3 
	82.7 
	158.0 
	297.9 
	0.0 
	0.0 
	0.9 

	2019
	33.1 
	68.3 
	139.4 
	90.4 
	172.5 
	328.6 
	12004.1 
	21691.0 
	39110.6 
	87.9 
	167.3 
	317.8 
	0.0 
	0.0 
	1.0 

	2020
	45.7 
	95.2 
	193.7 
	125.2 
	240.5 
	457.3 
	16639.3 
	30177.0 
	54369.0 
	122.6 
	234.0 
	441.6 
	0.0 
	0.0 
	1.4 

	2021
	64.4 
	133.1 
	271.4 
	174.6 
	334.7 
	637.4 
	23208.6 
	42177.1 
	75922.6 
	170.7 
	325.5 
	612.4 
	0.0 
	0.0 
	1.9 

	2022
	88.3 
	183.0 
	373.6 
	242.5 
	461.6 
	873.6 
	31974.5 
	57949.8 
	104199.7 
	235.6 
	448.1 
	846.6 
	0.0 
	0.0 
	2.6 

	2023
	118.4 
	245.0 
	496.3 
	320.9 
	617.2 
	1165.8 
	42932.2 
	77483.8 
	139562.7 
	315.7 
	598.6 
	1134.1 
	0.0 
	0.0 
	3.4 

	Total
	998.6
	2066.6
	4211.5
	6900.6
	13456.5
	25766.4
	617456.8
	1119217.3
	2011772.4
	6637.7
	12890.6
	24725.0
	0.0
	0.0
	29.4







Sensitivity analysis for solar panels

Table S19 reports cumulative masses (kg) of all modeled metals (Ag, Al, As, Cu, Ga, In, Pb, Si, Sn, Zn) across four specific-power scenarios (20, 50, 70, 100 W/kg). Metal intensities were derived from Monte Carlo simulations (N=10,000) using Dirichlet-sampled mass fractions. Changes in cumulative demand reflect the sensitivity of total panel area—and thus material use—to specific-power assumptions. Values represent deterministic recalculations using historical spacecraft power requirements; no additional uncertainty sampling was applied in this step. 
Cumulative masses of metals contained in solar-panel assemblies were recalculated across a range of assumed spacecraft specific power values (20-100 W/kg). Higher specific power implies larger solar-array areas to meet historical power budgets, thereby increasing total material demand. Aluminum shows the dominant sensitivity due to its role in panel frames and structural support, while metals such as Cu, Pb, Si, Sn, and Zn exhibit moderate increases. Critical metals with low baseline shares (Ag, Ga, In, As) show comparatively small absolute changes. Results reflect cumulative deployments from 1957-2023, using metal‐intensity coefficients drawn from the Monte Carlo Dirichlet composition model.

[bookmark: _Toc235551907]Table S19. Cumulative metal demand in spacecraft solar panels (1957–2023) under varying specific-power assumptions (20-100 W/kg).

	Scenario
	Ag
	Al
	As
	Cu
	Ga
	In
	Pb
	Si
	Sn
	Zn

	W/kg
	t

	20
	1.21
	12.23
	15.96
	89.39
	3.17
	0.91
	5.82
	477.20
	5.59
	0.00

	30
	1.81
	18.35
	23.93
	134.09
	4.75
	1.37
	8.73
	715.80
	8.38
	0.00

	40
	2.42
	24.46
	31.91
	178.78
	6.33
	1.83
	11.64
	954.40
	11.17
	0.00

	50
	3.02
	30.58
	39.89
	223.48
	7.92
	2.28
	14.55
	1193.00
	13.97
	0.01

	60
	3.63
	36.70
	47.87
	268.18
	9.50
	2.74
	17.46
	1431.60
	16.76
	0.01

	80
	4.83
	48.93
	63.82
	357.57
	12.67
	3.65
	23.28
	1908.80
	22.35
	0.01

	100
	6.04
	61.16
	79.78
	446.96
	15.83
	4.57
	29.10
	2386.00
	27.94
	0.01





[bookmark: _Toc235551855]Figure S8.  Sensitivity of cumulative solar-panel metal demand to spacecraft specific power (1957-2023).
Batteries in spacecraft

	Data: Batteries account for 15% of the dry mass of a typical communications spacecraft and nearly half the 
mass of the entire payload.

	Reference: ESA
	https://www.esa.int/esapub/bulletin/bullet90/b90dudle.htm

	 
	 
	 
	 

	Data: Typically, one-third of the total weight of the spacecraft is taken by the power subsystem, with the 
batteries weighing one-third of the power system (this is nearly 11% of the total spacecraft's weight)

	Reference: NASA
	https://ntrs.nasa.gov/api/citations/19960054145/downloads/19960054145.pdf

	 
	 
	 
	 

	Data: Batteries and battery parts alone can comprise 10-20% of the satellite’s total weight.

	Reference: SatMagazine
	http://www.satmagazine.com/story.php?number=464410536

	 
	 
	 
	 

	General information about spacecraft's batteries

	https://blog.satsearch.co/2021-06-23-satellite-batteries-for-cubesats-nanosats-and-other-form-factors





[bookmark: _Toc235551908]Table S20. Cumulative Metal intensity in Ag-Zn batteries.
	 
	Ag-Zn (wt. %)

	 
	Ref.63
	Data selected

	Ag
	20-30
	20

	Zn
	70-80
	70

	Electrolyte
	<5
	 




[bookmark: _Toc235551909]Table S21. Metal intensity in Ni-Cd batteries.
	 
	Ni-Cd (wt. %)

	 
	Ref.64 
	Ref.65 
	Ref.66
	Ref.67
	Data selected

	Ni
	51
	52
	61.3
	44.5
	52.2

	Cd
	25
	53.5
	21.5
	30
	32.5

	Co
	0.9
	3
	0.5
	3.3
	1.9














[bookmark: _Toc235551910]Table S22. Metal intensity in Ni-H2 batteries.
	
	Ni-H2 (wt. %)

	 
	Ref.a
	Ref.b
	Ref.c
	Data selected

	Ni (Ni[OH]2)
	30-40
	30-40
	 
	35

	Hydrogen-Absorbing Alloy (e.g., AB5 or AB2 alloy)
	50-60
	 
	 
	50

	Electrolyte
	26
	 
	26
	26


Nickel–hydrogen cell technology started to become obsolete in the 2000s with the introduction of lithium-ion battery technology that had significantly better specific energy, energy density, lower self-discharge rates, and higher columbic efficiency68.

References for Table S22:

	a
	https://ntrs.nasa.gov/api/citations/19950020757/downloads/19950020757.pdf

	b
	https://ntrs.nasa.gov/api/citations/19950010446/downloads/19950010446.pdf

	c
	https://www.powerstream.com/BatteryFAQ-nickel-hydrogen.html




[bookmark: _Toc235551911]Table S23. Metal intensity in Li-ion batteries.
	 
	Li-ion (wt.%)/Reference

	 
	69
	67
	70
	71
	72
	73
	74
	75
	Data selected
	SD

	Li
	2-3
	2-3
	1.9
	1.4
	1.3
	2
	1.2
	1.91
	6.0
	2.6
	4.2
	2.5
	2.5
	1.5

	Co
	22-28
	22-26
	2.3
	0
	8.5
	17.3
	0
	0.002
	7.4
	6.4
	18.1
	1.8
	15.8
	9.1

	Ni
	<1
	11
	12
	0
	15
	1
	0
	0.1
	17.6
	7.7
	12.3
	6.4
	7.6
	6.5

	Fe
	5-6
	<1
	<1
	<1
	9
	17
	43
	11.3
	-
	-
	0.4
	0.6
	13.6
	15.8

	Cu
	<1
	2-12
	13
	14
	17
	7
	8
	0.16
	17.2
	7.9
	2.1
	8.1
	9.4
	5.8

	Al
	<1
	1-3
	23
	22
	23
	5
	7
	0.25
	12.5
	-
	2.8
	4.8
	11.2
	9.2







[bookmark: _Toc235551856]Figure S9. Probability distribution of battery subsystem mass fractions sampled using a triangular distribution (min=5%, mode=12.5%, max=20%) in a Monte Carlo framework (N=10,000). 
This reflects historical and modern variation in on-board energy storage demands.







[bookmark: _Toc235551857]Figure S10. Ag-Zn battery metal composition (Monte Carlo, N=10,000). Monte Carlo distributions of Ag-Zn battery metal shares generated using a Dirichlet model calibrated to literature mean compositions.





[bookmark: _Toc235551858]Figure S11. Ni-Cd battery metal composition (Monte Carlo, N=10,000). Monte Carlo distributions of Ni-Cd battery metal shares generated using a Dirichlet model calibrated to literature mean compositions.




[bookmark: _Toc235551859]Figure S12. Ni-H2 battery metal composition (Monte Carlo, N=10,000). Monte Carlo distributions of Ni-H2 battery metal shares generated using a Dirichlet model calibrated to literature mean compositions.




[bookmark: _Toc235551860]Figure S13. Li-ion battery metal composition (Monte Carlo, N=10,000). Monte Carlo distributions of Li-ion battery metal shares generated using a Dirichlet model calibrated to literature mean compositions.































[bookmark: _Toc235551912]Table S24. Evolution of battery technologies over time.
	Year
	Ag-Zn
	Ni-Cd
	Ni-H2
	Li-ion
	Year
	Ag-Zn
	Ni-Cd
	Ni-H2
	Li-ion

	%

	1957
	100
	0
	0
	0
	1996
	0
	0
	100
	0

	1958
	100
	0
	0
	0
	1997
	0
	0
	100
	0

	1959
	100
	0
	0
	0
	1998
	0
	0
	100
	0

	1960
	100
	0
	0
	0
	1999
	0
	0
	100
	0

	1961
	100
	0
	0
	0
	2000
	0
	0
	100
	0

	1962
	90
	10
	0
	0
	2001
	0
	0
	100
	0

	1963
	80
	20
	0
	0
	2002
	0
	0
	90
	10

	1964
	70
	30
	0
	0
	2003
	0
	0
	80
	20

	1965
	60
	40
	0
	0
	2004
	0
	0
	70
	30

	1966
	50
	50
	0
	0
	2005
	0
	0
	60
	40

	1967
	40
	60
	0
	0
	2006
	0
	0
	50
	50

	1968
	30
	70
	0
	0
	2007
	0
	0
	40
	60

	1969
	20
	80
	0
	0
	2008
	0
	0
	30
	70

	1970
	10
	90
	0
	0
	2009
	0
	0
	20
	80

	1971
	0
	100
	0
	0
	2010
	0
	0
	10
	90

	1972
	0
	100
	0
	0
	2011
	0
	0
	0
	100

	1973
	0
	100
	0
	0
	2012
	0
	0
	0
	100

	1974
	0
	100
	0
	0
	2013
	0
	0
	0
	100

	1975
	0
	100
	0
	0
	2014
	0
	0
	0
	100

	1976
	0
	100
	0
	0
	2015
	0
	0
	0
	100

	1977
	0
	100
	0
	0
	2016
	0
	0
	0
	100

	1978
	0
	100
	0
	0
	2017
	0
	0
	0
	100

	1979
	0
	100
	0
	0
	2018
	0
	0
	0
	100

	1980
	0
	100
	0
	0
	2019
	0
	0
	0
	100

	1981
	0
	100
	0
	0
	2020
	0
	0
	0
	100

	1982
	0
	90
	10
	0
	2021
	0
	0
	0
	100

	1983
	0
	80
	20
	0
	2022
	0
	0
	0
	100

	1984
	0
	70
	30
	0
	2023
	0
	0
	0
	100

	1985
	0
	60
	40
	0
	
	
	
	
	

	1986
	0
	50
	50
	0
	
	
	
	
	

	1987
	0
	40
	60
	0
	
	
	
	
	

	1988
	0
	30
	70
	0
	
	
	
	
	

	1989
	0
	20
	80
	0
	
	
	
	
	

	1990
	0
	10
	90
	0
	
	
	
	
	

	1991
	0
	0
	100
	0
	
	
	
	
	

	1992
	0
	0
	100
	0
	
	
	
	
	

	1993
	0
	0
	100
	0
	
	
	
	
	

	1994
	0
	0
	100
	0
	
	
	
	
	

	1995
	0
	0
	100
	0
	
	
	
	
	



[bookmark: _Toc235551913]Table S25. Annual metal demand from all battery chemistries combined (Ag-Zn, Ni-Cd, Ni-H2, Li-ion), weighted by historical adoption. Values are reported as P05, P50, and P95 (kg/y). Part I.
	Year
	Ag_P05
	Ag_P50
	Ag_P95
	Al_P05
	Al_P50
	Al_P95
	Cd_P05
	Cd_P50
	Cd_P95
	Co_P05
	Co_P50
	Co_P95
	Cu_P05
	Cu_P50
	Cu_P95

	1957
	6.28 
	13.88 
	25.86 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1958
	84.88 
	186.70 
	352.71 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1959
	96.64 
	211.71 
	402.82 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1960
	469.62 
	1051.20 
	1990.57 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1961
	788.89 
	1704.74 
	3231.25 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1962
	1048.93 
	2265.91 
	4274.48 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1963
	746.79 
	1651.92 
	3046.25 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1964
	1868.85 
	4068.31 
	7724.53 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1965
	2288.45 
	5004.05 
	9413.46 
	0.00 
	0.00 
	0.00 
	505.91 
	933.26 
	1508.28 
	2.63 
	37.66 
	175.14 
	0.00 
	0.00 
	0.00 

	1966
	2446.36 
	5279.17 
	9914.85 
	0.00 
	0.00 
	0.00 
	1209.53 
	2223.93 
	3616.15 
	6.06 
	90.22 
	413.78 
	0.00 
	0.00 
	0.00 

	1967
	1793.18 
	3939.37 
	7384.93 
	0.00 
	0.00 
	0.00 
	1527.08 
	2825.30 
	4583.62 
	7.95 
	115.52 
	533.20 
	0.00 
	0.00 
	0.00 

	1968
	2323.85 
	5054.92 
	9489.88 
	0.00 
	0.00 
	0.00 
	3040.27 
	5710.59 
	9250.92 
	15.65 
	225.33 
	1050.04 
	0.00 
	0.00 
	0.00 

	1969
	3483.85 
	7665.13 
	14524.14 
	0.00 
	0.00 
	0.00 
	6977.20 
	12874.57 
	20813.53 
	34.30 
	518.10 
	2413.54 
	0.00 
	0.00 
	0.00 

	1970
	1441.92 
	3133.40 
	5956.15 
	0.00 
	0.00 
	0.00 
	4257.20 
	7910.31 
	12866.15 
	22.43 
	320.32 
	1484.83 
	0.00 
	0.00 
	0.00 

	1971
	1683.00 
	3624.10 
	6850.79 
	0.00 
	0.00 
	0.00 
	7664.53 
	14165.24 
	23024.68 
	37.77 
	564.65 
	2642.37 
	0.00 
	0.00 
	0.00 

	1972
	1044.20 
	2351.95 
	4388.57 
	0.00 
	0.00 
	0.00 
	8479.72 
	15552.87 
	25419.53 
	43.04 
	625.07 
	2935.47 
	0.00 
	0.00 
	0.00 

	1973
	613.39 
	1374.07 
	2602.94 
	0.00 
	0.00 
	0.00 
	11132.43 
	20542.10 
	33072.13 
	58.01 
	839.84 
	3819.83 
	0.00 
	0.00 
	0.00 

	1974
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8532.06 
	15569.18 
	25285.23 
	44.67 
	629.63 
	2898.80 
	0.00 
	0.00 
	0.00 

	1975
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8824.64 
	16347.52 
	26235.01 
	45.45 
	671.95 
	3021.62 
	0.00 
	0.00 
	0.00 

	1976
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8701.12 
	15993.06 
	26003.85 
	46.40 
	646.26 
	2984.91 
	0.00 
	0.00 
	0.00 

	1977
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8423.06 
	15706.66 
	25540.01 
	43.14 
	629.40 
	2958.32 
	0.00 
	0.00 
	0.00 

	1978
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8893.72 
	16371.10 
	26452.90 
	44.79 
	660.39 
	3034.69 
	0.00 
	0.00 
	0.00 

	1979
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8318.95 
	15271.54 
	24651.03 
	41.35 
	605.94 
	2898.83 
	0.00 
	0.00 
	0.00 

	1980
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8730.14 
	16042.66 
	25973.41 
	44.50 
	644.41 
	3033.52 
	0.00 
	0.00 
	0.00 

	1981
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	9129.91 
	16957.13 
	27292.84 
	49.22 
	652.50 
	3073.61 
	0.00 
	0.00 
	0.00 

	1982
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	9852.56 
	17927.86 
	29065.62 
	48.65 
	739.62 
	3328.86 
	0.00 
	0.00 
	0.00 

	1983
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8942.34 
	16705.75 
	26909.16 
	48.16 
	664.67 
	3237.30 
	0.00 
	0.00 
	0.00 

	1984
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	9726.31 
	18031.56 
	29006.05 
	53.53 
	726.66 
	3382.97 
	0.00 
	0.00 
	0.00 

	1985
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8930.29 
	16327.68 
	26309.08 
	44.27 
	662.45 
	3012.43 
	0.00 
	0.00 
	0.00 

	1986
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	6937.57 
	12766.57 
	20581.55 
	33.98 
	501.84 
	2344.92 
	0.00 
	0.00 
	0.00 

	1987
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8093.73 
	14926.76 
	24101.87 
	39.66 
	600.96 
	2732.57 
	0.00 
	0.00 
	0.00 

	1988
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	6882.22 
	12817.83 
	20858.88 
	34.84 
	513.53 
	2373.07 
	0.00 
	0.00 
	0.00 

	1989
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	4358.93 
	8063.29 
	12941.91 
	22.91 
	320.58 
	1492.33 
	0.00 
	0.00 
	0.00 

	1990
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	3537.62 
	6444.78 
	10512.99 
	19.12 
	260.03 
	1221.47 
	0.00 
	0.00 
	0.00 

	1991
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	2035.18 
	3744.82 
	6042.56 
	10.41 
	148.06 
	685.24 
	0.00 
	0.00 
	0.00 

	1992
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	1299.92 
	2360.98 
	3816.90 
	7.18 
	96.47 
	453.93 
	0.00 
	0.00 
	0.00 

	1993
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	510.01 
	945.12 
	1529.52 
	2.54 
	38.06 
	174.16 
	0.00 
	0.00 
	0.00 

	1994
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1995
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1996
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1997
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1998
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	1999
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	2000
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	2001
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	2002
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	2003
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	2004
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 

	2005
	0.00 
	0.00 
	0.00 
	37.17 
	252.50 
	814.79 
	0.00 
	0.00 
	0.00 
	5.49 
	115.70 
	572.37 
	21.87 
	198.28 
	742.81 

	2006
	0.00 
	0.00 
	0.00 
	75.25 
	508.69 
	1626.18 
	0.00 
	0.00 
	0.00 
	10.55 
	226.95 
	1130.70 
	44.40 
	408.03 
	1487.41 

	2007
	0.00 
	0.00 
	0.00 
	123.75 
	817.16 
	2742.03 
	0.00 
	0.00 
	0.00 
	16.72 
	368.40 
	1919.40 
	72.52 
	649.67 
	2366.35 

	2008
	0.00 
	0.00 
	0.00 
	170.14 
	1168.46 
	3709.53 
	0.00 
	0.00 
	0.00 
	24.00 
	507.27 
	2633.70 
	106.43 
	934.53 
	3345.08 

	2009
	0.00 
	0.00 
	0.00 
	227.72 
	1535.11 
	4974.03 
	0.00 
	0.00 
	0.00 
	31.58 
	673.73 
	3426.15 
	131.18 
	1225.69 
	4413.61 

	2010
	0.00 
	0.00 
	0.00 
	286.98 
	1994.20 
	6416.61 
	0.00 
	0.00 
	0.00 
	41.82 
	885.54 
	4532.93 
	184.45 
	1565.67 
	5749.47 

	2011
	0.00 
	0.00 
	0.00 
	399.25 
	2646.83 
	8825.89 
	0.00 
	0.00 
	0.00 
	53.06 
	1204.78 
	6042.93 
	232.43 
	2164.17 
	7854.06 

	2012
	0.00 
	0.00 
	0.00 
	435.99 
	3018.79 
	9900.64 
	0.00 
	0.00 
	0.00 
	64.09 
	1340.68 
	6698.77 
	260.34 
	2501.25 
	8989.51 

	2013
	0.00 
	0.00 
	0.00 
	499.38 
	3324.12 
	10674.29 
	0.00 
	0.00 
	0.00 
	66.99 
	1477.20 
	7525.75 
	304.90 
	2676.30 
	9637.82 

	2014
	0.00 
	0.00 
	0.00 
	570.77 
	3594.82 
	11866.69 
	0.00 
	0.00 
	0.00 
	76.29 
	1604.69 
	8165.66 
	334.12 
	2945.17 
	10620.26 

	2015
	0.00 
	0.00 
	0.00 
	521.91 
	3777.60 
	12542.53 
	0.00 
	0.00 
	0.00 
	85.63 
	1748.31 
	8467.05 
	363.99 
	3143.42 
	11242.58 

	2016
	0.00 
	0.00 
	0.00 
	552.55 
	3766.43 
	12203.34 
	0.00 
	0.00 
	0.00 
	78.74 
	1621.81 
	8273.37 
	344.45 
	2934.00 
	10823.67 

	2017
	0.00 
	0.00 
	0.00 
	658.12 
	4579.20 
	14803.17 
	0.00 
	0.00 
	0.00 
	86.95 
	1958.81 
	10226.67 
	393.12 
	3484.78 
	12965.46 

	2018
	0.00 
	0.00 
	0.00 
	632.22 
	4235.97 
	13840.10 
	0.00 
	0.00 
	0.00 
	83.40 
	1852.41 
	9340.16 
	366.55 
	3343.12 
	12385.93 

	2019
	0.00 
	0.00 
	0.00 
	636.74 
	4409.90 
	14784.22 
	0.00 
	0.00 
	0.00 
	95.50 
	2041.00 
	10227.45 
	409.81 
	3552.62 
	13384.08 

	2020
	0.00 
	0.00 
	0.00 
	922.37 
	6197.22 
	20536.51 
	0.00 
	0.00 
	0.00 
	128.54 
	2739.16 
	13689.51 
	576.38 
	4948.10 
	17974.84 

	2021
	0.00 
	0.00 
	0.00 
	1302.94 
	8654.94 
	28624.46 
	0.00 
	0.00 
	0.00 
	169.22 
	3893.58 
	19194.49 
	799.93 
	6881.36 
	25043.70 

	2022
	0.00 
	0.00 
	0.00 
	1770.24 
	12041.88 
	38893.70 
	0.00 
	0.00 
	0.00 
	296.63 
	5409.27 
	26788.33 
	1086.68 
	9651.44 
	35598.78 

	2023
	0.00 
	0.00 
	0.00 
	2257.68 
	15909.41 
	52466.19 
	0.00 
	0.00 
	0.00 
	333.43 
	7111.14 
	36847.45 
	1418.58 
	12556.92 
	47174.95 

	Total
	22229.1 
	48580.5 
	91574.2 
	12081.2 
	82433.2 
	270244.9 
	185454.2 
	342060.0 
	553265.3 
	2701.2 
	50530.5 
	249514.6 
	7452.1 
	65764.5 
	241800.4 




[bookmark: _Toc235551914]Table S26. Annual metal demand from all battery chemistries combined (Ag-Zn, Ni-Cd, Ni-H2, Li-ion), weighted by historical adoption. Values are reported as P05, P50, and P95 (kg/y). Part II.
	Year
	Fe_P05
	Fe_P50
	Fe_P95
	Li_P05
	Li_P50
	Li_P95
	Ni_P05
	Ni_P50
	Ni_P95
	Zn_P05
	Zn_P50
	Zn_P95

	1957
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	29.95 
	50.83 
	75.35 

	1958
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	399.15 
	688.73 
	1025.78 

	1959
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	446.71 
	780.15 
	1151.41 

	1960
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	2191.05 
	3833.51 
	5702.53 

	1961
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	3617.92 
	6286.84 
	9288.56 

	1962
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	4872.39 
	8393.21 
	12334.45 

	1963
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	3472.68 
	6020.24 
	8833.14 

	1964
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8686.51 
	15138.95 
	22373.13 

	1965
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	862.43 
	1521.78 
	2281.73 
	10574.71 
	18454.19 
	27095.38 

	1966
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	2064.23 
	3623.26 
	5459.52 
	11239.07 
	19587.60 
	28793.56 

	1967
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	2595.30 
	4620.61 
	6932.55 
	8333.45 
	14548.98 
	21477.74 

	1968
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	5289.98 
	9273.04 
	13995.41 
	10768.51 
	18781.70 
	27844.12 

	1969
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	11974.99 
	21071.15 
	31928.15 
	16302.30 
	28374.17 
	42016.10 

	1970
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	7330.42 
	12843.02 
	19434.89 
	6663.06 
	11529.69 
	17101.27 

	1971
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	13159.29 
	23200.38 
	34989.42 
	7705.13 
	13443.07 
	19779.42 

	1972
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	14489.26 
	25485.97 
	38647.39 
	4941.69 
	8523.44 
	12730.64 

	1973
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	19111.09 
	33443.09 
	50658.68 
	2905.34 
	5006.29 
	7444.58 

	1974
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	14454.74 
	25382.85 
	38447.49 
	0.00 
	0.00 
	0.00 

	1975
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	15144.14 
	26729.39 
	40350.34 
	0.00 
	0.00 
	0.00 

	1976
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	14934.30 
	26051.03 
	39225.67 
	0.00 
	0.00 
	0.00 

	1977
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	14576.31 
	25562.45 
	38715.74 
	0.00 
	0.00 
	0.00 

	1978
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	15130.21 
	26632.16 
	40246.81 
	0.00 
	0.00 
	0.00 

	1979
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	14410.60 
	25127.77 
	37988.00 
	0.00 
	0.00 
	0.00 

	1980
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	14890.07 
	26329.72 
	39616.16 
	0.00 
	0.00 
	0.00 

	1981
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	15875.91 
	27581.72 
	41900.73 
	0.00 
	0.00 
	0.00 

	1982
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	16814.18 
	29548.97 
	44689.28 
	0.00 
	0.00 
	0.00 

	1983
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	15506.78 
	27325.62 
	40976.01 
	0.00 
	0.00 
	0.00 

	1984
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	16804.60 
	29437.33 
	44358.32 
	0.00 
	0.00 
	0.00 

	1985
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	16422.42 
	28370.12 
	42757.29 
	0.00 
	0.00 
	0.00 

	1986
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	13923.16 
	24348.77 
	35803.81 
	0.00 
	0.00 
	0.00 

	1987
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	18017.70 
	31366.11 
	46673.00 
	0.00 
	0.00 
	0.00 

	1988
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	17531.30 
	30301.47 
	45198.29 
	0.00 
	0.00 
	0.00 

	1989
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	12767.19 
	21982.45 
	32583.62 
	0.00 
	0.00 
	0.00 

	1990
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	12256.83 
	21236.93 
	31499.72 
	0.00 
	0.00 
	0.00 

	1991
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8997.07 
	15645.62 
	23827.84 
	0.00 
	0.00 
	0.00 

	1992
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	8036.59 
	14107.53 
	21584.50 
	0.00 
	0.00 
	0.00 

	1993
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	5927.97 
	10745.57 
	16931.41 
	0.00 
	0.00 
	0.00 

	1994
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	6522.08 
	12135.48 
	19667.88 
	0.00 
	0.00 
	0.00 

	1995
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	5988.51 
	11074.03 
	17975.96 
	0.00 
	0.00 
	0.00 

	1996
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	5066.64 
	9498.80 
	15506.75 
	0.00 
	0.00 
	0.00 

	1997
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	6795.02 
	12605.14 
	20160.92 
	0.00 
	0.00 
	0.00 

	1998
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	5733.97 
	10631.86 
	17309.66 
	0.00 
	0.00 
	0.00 

	1999
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	5222.71 
	9608.06 
	15598.21 
	0.00 
	0.00 
	0.00 

	2000
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	6807.40 
	12565.13 
	20520.65 
	0.00 
	0.00 
	0.00 

	2001
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	5467.78 
	10106.15 
	16411.12 
	0.00 
	0.00 
	0.00 

	2002
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	6033.80 
	11203.22 
	18136.96 
	0.00 
	0.00 
	0.00 

	2003
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	4099.81 
	7645.76 
	12353.67 
	0.00 
	0.00 
	0.00 

	2004
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	0.00 
	4040.85 
	7610.11 
	12244.32 
	0.00 
	0.00 
	0.00 

	2005
	60.54 
	318.11 
	951.14 
	0.02 
	20.87 
	311.43 
	4830.14 
	8896.59 
	14556.14 
	0.00 
	0.00 
	0.00 

	2006
	127.82 
	644.65 
	1870.67 
	0.05 
	40.84 
	651.66 
	4416.86 
	8282.69 
	13231.18 
	0.00 
	0.00 
	0.00 

	2007
	200.28 
	1040.43 
	3086.22 
	0.05 
	64.52 
	1051.24 
	4364.72 
	8094.36 
	12998.04 
	0.00 
	0.00 
	0.00 

	2008
	267.02 
	1463.86 
	4202.81 
	0.07 
	86.82 
	1382.00 
	4065.72 
	7586.42 
	12443.65 
	0.00 
	0.00 
	0.00 

	2009
	343.57 
	1913.51 
	5620.58 
	0.11 
	124.72 
	1919.60 
	3735.59 
	6957.63 
	11853.55 
	0.00 
	0.00 
	0.00 

	2010
	475.03 
	2528.49 
	7362.65 
	0.12 
	158.48 
	2512.68 
	3376.76 
	6526.21 
	11682.58 
	0.00 
	0.00 
	0.00 

	2011
	647.97 
	3447.34 
	9827.69 
	0.15 
	216.17 
	3343.13 
	3206.34 
	6355.73 
	12391.02 
	0.00 
	0.00 
	0.00 

	2012
	745.52 
	3833.37 
	11292.37 
	0.18 
	263.26 
	3755.05 
	2255.19 
	4850.86 
	11126.51 
	0.00 
	0.00 
	0.00 

	2013
	784.33 
	4247.02 
	12512.36 
	0.25 
	256.01 
	4129.57 
	1304.03 
	3393.18 
	10128.22 
	0.00 
	0.00 
	0.00 

	2014
	867.54 
	4593.11 
	13768.32 
	0.30 
	292.81 
	4522.17 
	155.62 
	2216.95 
	9500.36 
	0.00 
	0.00 
	0.00 

	2015
	895.51 
	4883.41 
	14415.01 
	0.25 
	308.74 
	4610.49 
	175.82 
	2273.76 
	10008.01 
	0.00 
	0.00 
	0.00 

	2016
	870.70 
	4541.30 
	13526.09 
	0.27 
	295.45 
	4649.91 
	164.36 
	2163.95 
	9318.08 
	0.00 
	0.00 
	0.00 

	2017
	1020.22 
	5689.18 
	16592.96 
	0.28 
	342.10 
	5514.50 
	207.75 
	2654.70 
	11271.76 
	0.00 
	0.00 
	0.00 

	2018
	994.74 
	5333.90 
	15774.78 
	0.29 
	334.15 
	5426.30 
	186.76 
	2430.62 
	10527.35 
	0.00 
	0.00 
	0.00 

	2019
	1092.48 
	5634.80 
	16698.15 
	0.31 
	364.21 
	5548.23 
	201.56 
	2690.03 
	11316.49 
	0.00 
	0.00 
	0.00 

	2020
	1455.54 
	7951.16 
	22891.96 
	0.40 
	490.55 
	7705.81 
	285.88 
	3672.13 
	15316.23 
	0.00 
	0.00 
	0.00 

	2021
	2065.99 
	10760.97 
	31535.29 
	0.55 
	689.84 
	10684.65 
	412.55 
	5251.44 
	22016.72 
	0.00 
	0.00 
	0.00 

	2022
	3002.53 
	15240.73 
	45146.08 
	0.96 
	974.40 
	14355.67 
	548.66 
	7185.88 
	30222.96 
	0.00 
	0.00 
	0.00 

	2023
	3893.23 
	20265.75 
	59826.09 
	0.92 
	1316.38 
	20849.50 
	714.77 
	9643.29 
	40794.44 
	0.00 
	0.00 
	0.00 

	Total
	19810.6 
	104331.1 
	306901.2 
	5.5 
	6640.3 
	102923.6 
	455686.7 
	844706.0 
	1414291.2 
	103149.6 
	179441.6 
	265067.1 



Structure in spacecraft

Typically, the structure will have a mass of 10 to 25% (10-15% used in this study for aluminum-based structure with an average of 12.5% used in this study) of a spacecraft's total weight without propellants (dry weight). The spacecraft structure was assumed to be constructed primarily of aluminum
Reference: Spacecraft Systems Design and Engineering76


	Examples:
Structure weight of CubeSats

	Material: aluminum alloy 6061 or 7075

	Reference: NASA

	https://www.nasa.gov/smallsat-institute/sst-soa/structures-materials-and-mechanisms/

	Other satellites

	Material: aluminum alloys

	Reference: Spacecraft bus design and sizing. Delft University of Technology

	https://pure.tudelft.nl/ws/portalfiles/portal/247423772/Reader_1222_-_Spacecraft_Design_v2.3-1_total_incl_errata.pdf 








[bookmark: _Toc235551861]Figure S14. Histogram of structural mass fractions for spacecraft structure (triangular: 10-15%, mode = 12.5%). These values were sampled 10,000 times to propagate uncertainty in the structural mass budget across spacecraft classes.









[bookmark: _Toc235551862]Figure S15. Distribution of solar-array specific power values (W/kg) sampled in the Monte Carlo simulation (N=10,000). The triangular distribution (20-100 W/kg; mode=30 W/kg) reflects the performance range of crystalline-silicon and multi-junction space solar arrays as reported by NASA (Fig S5).


[bookmark: _Toc235551915]Table S27. Annual structural metal demand across spacecraft (aluminum). Values represent P05-P50-P95 ranges (kg/y).

	Year
	Al_P05 (kg)
	Al_P50 (kg)
	Al_P95 (kg)
	Cumulative (t)

	1957
	63.8
	73.7
	84.0
	0.000

	1958
	856.7
	994.3
	1133.0
	0.001

	1959
	972.3
	1125.4
	1280.0
	0.002

	1960
	4788.4
	5540.8
	6316.1
	0.008

	1961
	7838.7
	9077.9
	10329.5
	0.017

	1962
	10425.7
	12076.8
	13733.9
	0.029

	1963
	7471.8
	8669.3
	9853.8
	0.038

	1964
	18827.7
	21818.2
	24862.0
	0.059

	1965
	25250.3
	29355.0
	33475.1
	0.089

	1966
	30543.0
	35379.4
	40185.1
	0.124

	1967
	25736.2
	29813.0
	33979.9
	0.154

	1968
	38904.4
	45120.4
	51203.0
	0.199

	1969
	70657.0
	81667.9
	92753.1
	0.281

	1970
	36225.4
	41816.9
	47579.7
	0.323

	1971
	55664.5
	64588.6
	73440.7
	0.387

	1972
	53474.7
	61925.5
	70387.6
	0.449

	1973
	62534.6
	72622.7
	82576.6
	0.522

	1974
	42438.4
	49273.3
	55913.1
	0.571

	1975
	44657.2
	51647.2
	58753.4
	0.623

	1976
	43761.7
	50774.7
	57577.7
	0.673

	1977
	43255.3
	50018.3
	56882.5
	0.723

	1978
	44663.4
	51749.8
	58871.7
	0.775

	1979
	42301.7
	48946.7
	55586.3
	0.824

	1980
	44186.2
	51098.5
	57932.9
	0.875

	1981
	46315.1
	53567.7
	60924.1
	0.929

	1982
	49491.0
	57323.6
	65170.3
	0.986

	1983
	45837.3
	52848.0
	60329.1
	1.039

	1984
	49021.1
	56990.3
	64830.8
	1.096

	1985
	49133.7
	57013.1
	64799.6
	1.153

	1986
	43626.4
	50437.7
	57427.1
	1.203

	1987
	57923.5
	67477.9
	76627.9
	1.271

	1988
	58437.0
	67655.8
	76822.7
	1.338

	1989
	44012.8
	50925.1
	57933.2
	1.389

	1990
	44039.2
	50971.0
	58060.5
	1.440

	1991
	34152.2
	39496.2
	44868.8
	1.480

	1992
	32252.7
	37227.0
	42319.0
	1.517

	1993
	25977.8
	30062.0
	34218.0
	1.547

	1994
	30816.0
	35614.9
	40521.9
	1.583

	1995
	28161.0
	32555.8
	37005.4
	1.615

	1996
	24344.7
	28214.8
	32076.4
	1.644

	1997
	31925.0
	37002.8
	42033.8
	1.681

	1998
	27037.3
	31286.6
	35567.0
	1.712

	1999
	24437.4
	28247.7
	32091.9
	1.740

	2000
	31970.2
	37056.7
	42154.1
	1.777

	2001
	25770.5
	29798.5
	33900.1
	1.807

	2002
	28350.6
	32874.4
	37353.0
	1.840

	2003
	19292.8
	22344.3
	25459.5
	1.862

	2004
	19265.4
	22343.4
	25462.4
	1.885

	2005
	24641.1
	28528.5
	32414.8
	1.913

	2006
	24549.8
	28487.3
	32372.8
	1.942

	2007
	26849.0
	31079.8
	35352.3
	1.973

	2008
	28098.8
	32457.3
	36985.4
	2.005

	2009
	29750.0
	34408.1
	39143.5
	2.039

	2010
	31984.1
	37143.3
	42167.7
	2.077

	2011
	37464.5
	43425.6
	49421.6
	2.120

	2012
	36743.4
	42525.2
	48361.2
	2.163

	2013
	35630.8
	41315.8
	47038.6
	2.204

	2014
	35621.0
	41273.8
	46867.4
	2.245

	2015
	37087.9
	42953.8
	48838.4
	2.288

	2016
	35675.3
	41287.8
	47003.7
	2.329

	2017
	43518.5
	50493.4
	57495.5
	2.380

	2018
	40927.3
	47476.8
	54023.5
	2.427

	2019
	43627.7
	50402.6
	57257.0
	2.478

	2020
	60625.3
	70143.0
	79692.5
	2.548

	2021
	84671.0
	97815.5
	111282.1
	2.646

	2022
	116283.4
	134791.1
	153263.7
	2.781

	2023
	155705.8
	180073.5
	204818.8
	2.961

	Total
	2556544.0
	2960591.6
	3366447.6
	-




Metal footprint for ISS & TSS

[image: Project Path: C:\Users\moise\OneDrive\Desktop\Tsinghua University WORK\7_Spacial Antrop\Material_Comp_ONE_R3.opju
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[bookmark: _Toc235551863]Figure S16.  Metals used in space stations (ISS & TSS).

[bookmark: _Toc235551916]Table S28. Metals used in space stations (ISS & TSS).

	Metal
	P05 (kg)
	P50 (kg)
	P95 (kg)
	P05 (kg)
	P50 (kg)
	P95 (kg)

	
	International Space Station
	Tiangong Space Station

	Ag
	18.42 
	60.54 
	148.64 
	4.43
	14.55
	34.97

	Al
	50108.37 
	59268.90 
	70890.18 
	12016.34
	14134.96
	16958.29

	As
	709.77 
	1288.94 
	2306.82 
	168.88
	307.27
	549.15

	Au
	3.29 
	25.08 
	86.30 
	0.76
	5.96
	21.10

	Co
	94.80 
	2109.64 
	10342.90 
	22.71
	484.80
	2483.33

	Cu
	16851.84 
	21557.62 
	31448.16 
	4013.95
	5132.72
	7489.09

	Fe
	1769.26 
	6594.45 
	18012.79 
	428.20
	1566.77
	4326.34

	Ga
	135.92 
	255.63 
	471.42 
	32.18
	60.43
	111.88

	In
	34.98 
	72.28 
	144.46 
	8.16
	17.21
	34.51

	Li
	0.29 
	378.23 
	5749.21 
	0.07
	88.41
	1322.25

	Ni
	1240.78 
	3789.55 
	12812.49 
	293.25
	919.91
	2991.86

	Pb
	94.06 
	179.27 
	340.35 
	22.48
	42.82
	80.58

	Pd
	0.00 
	0.77 
	27.09 
	0.00
	0.17
	6.17

	Pt
	0.00 
	0.00 
	11.32 
	0.00
	0.00
	2.67

	REEs
	390.92 
	571.21 
	808.85 
	93.36
	136.57
	193.38

	Si
	12544.00 
	22698.46 
	40380.63 
	2989.35
	5399.62
	9642.63

	Sn
	720.89 
	964.28 
	1271.66 
	171.43
	230.10
	304.55

	Ti
	93.14 
	183.99 
	322.83 
	22.67
	43.72
	75.68

	Zn
	142.78 
	253.91 
	409.40 
	33.96
	60.37
	98.59




Metal footprint of spacecraft


[bookmark: _Toc235551917]Table S29. Total metals used in spacecrafts (1957-2023), mining extraction and reserves in 2024.

	 
	Spacecraft
	Mining 202477
	Reserves 202477

	 
	t
	kt
	Mt

	Cu
	4106.23
	23000
	1000

	Al
	6576.36
	72000
	79

	Fe
	744.50
	1600000
	87000

	Ni
	1362.07
	3700
	130

	Sn
	183.84
	300
	4.3

	Ti
	35.89
	18300
	1440

	Zn
	227.99
	12000
	220

	Ag
	67.54
	25
	0.61

	Au
	6.15
	3.3
	0.059

	Pd
	1.01
	0.19
	0.071
0.071

	Pt
	0.35
	0.17
	

	REEs
	111.94
	390
	110

	In
	16.53
	1.108
	-

	Ga
	57.51
	0.76
	0.0011

	As
	289.90
	58
	-

	Pb
	49.26
	4300
	95

	Si
	5555.53
	4600
	-

	Cd
	351.39
	24
	-

	Li
	118.23
	240
	28

	Co
	293.49
	290
	11







[bookmark: _Toc235551918]Table S30. Metal reserves. Information obtained from USGS.77

	Metal
	Observations

	Cu
	The most recent U.S. Geological Survey assessment of global copper resources indicated that, as of 2015, identified resources contained 2.1 billion tons of copper and undiscovered resources contained an estimated 3.5 billion tons.

	Al
	Global resources of bauxite are estimated to be between 55 billion and 75 billion tons and are sufficient to meet world demand for metal well into the future.

	Fe
	World resources are estimated to be greater than 800 billion tons of crude ore containing more than 230 billion tons of iron.

	Ni
	Globally, nickel resources have been estimated to contain more than 350 million tons of nickel, with 54% in laterites and 35% in magmatic sulfide deposits

	Sn
	World resources, principally in western Africa, southeastern Asia, Australia, Bolivia, Brazil, Indonesia, and Russia, are extensive and, if developed, could sustain recent annual production rates well into the future.

	Ti
	Ilmenite accounts for about 90% of the world’s consumption of titanium minerals. World resources of anatase, ilmenite, and rutile total more than 2 billion tons

	
	Ilmenite (FeTiO3): 8600000, 690000000 (reserves)

	Zn
	Identified zinc resources of the world are about 1.9 billion tons.

	Ag
	Although silver was a principal product at several mines, silver was primarily obtained as a byproduct from lead-zinc, copper, and gold mines, in descending order of silver production. 

	Au
	Nearly one-quarter of the gold in undiscovered resources was estimated to be contained in porphyry copper deposits.

	PGM
	World resources of PGMs are estimated to total more than 100 million kilograms. Platinum group metals (Palladium, platinum, iridium, osmium, rhodium, and ruthenium) for reserves

	REEs
	Rare earth oxides (REOs) for mining and reserves. Rare earths are relatively abundant in the Earth’s crust, but minable concentrations are less common than for most other mineral commodities.

	In
	Indium is most recovered from the zinc-sulfide ore mineral sphalerite. The indium content of zinc deposits from which it is recovered ranges from less than 1 part per million to 100 parts per million.

	Ga
	Gallium occurs in very small concentrations in ores of other metals. Most gallium is produced as a byproduct of processing bauxite, and the remainder is produced from zinc-processing residues. The average gallium content of bauxite is 50 parts per million.

	As
	World reserves data were unavailable but were estimated to be more than 20 times world production. Arsenic may be obtained from copper, gold, and lead smelter flue dust, as well as from roasting arsenopyrite, the most abundant ore mineral of arsenic.

	Pb
	Identified world lead resources total more than 2 billion tons.

	Si
	World and domestic resources for making silicon metal and alloys are abundant and, in most producing countries, adequate to supply world requirements for many decades.

	
	Si metal used. Ferrosilicon (an alloy of iron and silicon with a typical silicon content by weight of 15–90%): 5200000 t produced in 2023 globally.

	Cd
	Cadmium is generally recovered from zinc ores and concentrates. Quantitative estimates of reserves were not available. The cadmium content of typical zinc ores averages about 0.03%.

	Li
	Owing to continuing exploration, measured and indicated lithium resources have increased substantially worldwide and total about 105 million tons.

	Co
	Identified world terrestrial cobalt resources are about 25 million tons.






[bookmark: _Toc235551919]Table S31. Annual number of spacecrafts by category (micro, small, medium, and large) and year.

	Year
	Micro
	Small
	Medium
	Large
	Total

	1957
	1
	1
	1
	0
	3

	1958
	14
	11
	0
	3
	28

	1959
	6
	11
	9
	0
	26

	1960
	1
	19
	13
	9
	42

	1961
	2
	21
	12
	22
	57

	1962
	8
	39
	4
	44
	95

	1963
	10
	42
	8
	29
	89

	1964
	4
	64
	13
	36
	117

	1965
	6
	95
	15
	58
	174

	1966
	4
	78
	22
	59
	163

	1967
	2
	88
	23
	51
	164

	1968
	3
	79
	19
	50
	151

	1969
	2
	52
	16
	74
	144

	1970
	0
	58
	14
	64
	136

	1971
	4
	75
	15
	70
	164

	1972
	0
	54
	18
	66
	138

	1973
	0
	56
	16
	74
	146

	1974
	0
	57
	13
	69
	139

	1975
	1
	59
	20
	82
	162

	1976
	0
	53
	30
	78
	161

	1977
	0
	34
	29
	78
	141

	1978
	0
	55
	35
	78
	168

	1979
	0
	34
	18
	78
	130

	1980
	0
	42
	24
	81
	147

	1981
	0
	52
	17
	92
	161

	1982
	0
	36
	25
	97
	158

	1983
	0
	36
	28
	94
	158

	1984
	0
	39
	25
	104
	168

	1985
	0
	34
	22
	105
	161

	1986
	0
	44
	17
	86
	147

	1987
	0
	32
	19
	85
	136

	1988
	0
	28
	14
	98
	140

	1989
	0
	33
	12
	86
	131

	1990
	3
	43
	18
	99
	163

	1991
	0
	55
	14
	69
	138

	1992
	7
	33
	11
	78
	129

	1993
	1
	32
	11
	65
	109

	1994
	8
	29
	9
	74
	120

	1995
	7
	21
	8
	64
	100

	1996
	0
	22
	17
	60
	99

	1997
	1
	33
	61
	64
	159

	1998
	3
	74
	55
	52
	184

	1999
	2
	79
	8
	52
	141

	2000
	13
	34
	8
	69
	124

	2001
	2
	25
	6
	54
	87

	2002
	4
	21
	13
	56
	94

	2003
	7
	23
	10
	52
	92

	2004
	1
	22
	5
	49
	77

	2005
	4
	17
	6
	50
	77

	2006
	22
	22
	14
	56
	114

	2007
	9
	40
	10
	60
	119

	2008
	12
	24
	8
	61
	105

	2009
	16
	40
	10
	61
	127

	2010
	23
	16
	12
	77
	128

	2011
	13
	27
	24
	73
	137

	2012
	26
	29
	11
	75
	141

	2013
	91
	38
	17
	67
	213

	2014
	144
	55
	18
	81
	298

	2015
	133
	46
	12
	79
	270

	2016
	91
	43
	17
	73
	224

	2017
	297
	46
	59
	76
	478

	2018
	227
	92
	55
	89
	463

	2019
	191
	206
	24
	80
	501

	2020
	164
	1051
	7
	67
	1289

	2021
	326
	1444
	19
	95
	1884

	2022
	330
	2074
	32
	99
	2535

	2023
	353
	2358
	91
	82
	2884

	Total
	2599
	9725
	1266
	4458
	18048




















[bookmark: _Toc235551920]Table S32. Annual percentage distribution of spacecraft by category (micro, small, medium, and large) by year.

	
Year
	Micro
	Small
	Medium
	Large

	1957
	33.3
	33.3
	33.3
	0.0

	1958
	50.0
	39.3
	0.0
	10.7

	1959
	23.1
	42.3
	34.6
	0.0

	1960
	2.4
	45.2
	31.0
	21.4

	1961
	3.5
	36.8
	21.1
	38.6

	1962
	8.4
	41.1
	4.2
	46.3

	1963
	11.2
	47.2
	9.0
	32.6

	1964
	3.4
	54.7
	11.1
	30.8

	1965
	3.4
	54.6
	8.6
	33.3

	1966
	2.5
	47.9
	13.5
	36.2

	1967
	1.2
	53.7
	14.0
	31.1

	1968
	2.0
	52.3
	12.6
	33.1

	1969
	1.4
	36.1
	11.1
	51.4

	1970
	0.0
	42.6
	10.3
	47.1

	1971
	2.4
	45.7
	9.1
	42.7

	1972
	0.0
	39.1
	13.0
	47.8

	1973
	0.0
	38.4
	11.0
	50.7

	1974
	0.0
	41.0
	9.4
	49.6

	1975
	0.6
	36.4
	12.3
	50.6

	1976
	0.0
	32.9
	18.6
	48.4

	1977
	0.0
	24.1
	20.6
	55.3

	1978
	0.0
	32.7
	20.8
	46.4

	1979
	0.0
	26.2
	13.8
	60.0

	1980
	0.0
	28.6
	16.3
	55.1

	1981
	0.0
	32.3
	10.6
	57.1

	1982
	0.0
	22.8
	15.8
	61.4

	1983
	0.0
	22.8
	17.7
	59.5

	1984
	0.0
	23.2
	14.9
	61.9

	1985
	0.0
	21.1
	13.7
	65.2

	1986
	0.0
	29.9
	11.6
	58.5

	1987
	0.0
	23.5
	14.0
	62.5

	1988
	0.0
	20.0
	10.0
	70.0

	1989
	0.0
	25.2
	9.2
	65.6

	1990
	1.8
	26.4
	11.0
	60.7

	1991
	0.0
	39.9
	10.1
	50.0

	1992
	5.4
	25.6
	8.5
	60.5

	1993
	0.9
	29.4
	10.1
	59.6

	1994
	6.7
	24.2
	7.5
	61.7

	1995
	7.0
	21.0
	8.0
	64.0

	1996
	0.0
	22.2
	17.2
	60.6

	1997
	0.6
	20.8
	38.4
	40.3

	1998
	1.6
	40.2
	29.9
	28.3

	1999
	1.4
	56.0
	5.7
	36.9

	2000
	10.5
	27.4
	6.5
	55.6

	2001
	2.3
	28.7
	6.9
	62.1

	2002
	4.3
	22.3
	13.8
	59.6

	2003
	7.6
	25.0
	10.9
	56.5

	2004
	1.3
	28.6
	6.5
	63.6

	2005
	5.2
	22.1
	7.8
	64.9

	2006
	19.3
	19.3
	12.3
	49.1

	2007
	7.6
	33.6
	8.4
	50.4

	2008
	11.4
	22.9
	7.6
	58.1

	2009
	12.6
	31.5
	7.9
	48.0

	2010
	18.0
	12.5
	9.4
	60.2

	2011
	9.5
	19.7
	17.5
	53.3

	2012
	18.4
	20.6
	7.8
	53.2

	2013
	42.7
	17.8
	8.0
	31.5

	2014
	48.3
	18.5
	6.0
	27.2

	2015
	49.3
	17.0
	4.4
	29.3

	2016
	40.6
	19.2
	7.6
	32.6

	2017
	62.1
	9.6
	12.3
	15.9

	2018
	49.0
	19.9
	11.9
	19.2

	2019
	38.1
	41.1
	4.8
	16.0

	2020
	12.7
	81.5
	0.5
	5.2

	2021
	17.3
	76.6
	1.0
	5.0

	2022
	13.0
	81.8
	1.3
	3.9

	2023
	12.2
	81.8
	3.2
	2.8

	Total
	14.4
	53.9
	7.0
	24.7




[bookmark: _Toc235551921]Table S33. Projected shares and counts of spacecraft by size category for the period 2024-2050, based on a calibration window from 2010-2023.

	Year
	Micro
	Small
	Medium
	Large
	Spacecraft
	Micro
	Small
	Medium
	Large

	
	Share of spacecraft (%)
	Estimated spacecraft (units)

	2024
	0.21361
	0.75125
	0.01223
	0.02292
	1096
	234
	824
	13
	25

	2025
	0.20335
	0.76995
	0.01000
	0.01670
	1185
	241
	912
	12
	20

	2026
	0.19449
	0.78508
	0.00822
	0.01221
	1280
	249
	1005
	11
	16

	2027
	0.18679
	0.79748
	0.00678
	0.00895
	1384
	258
	1103
	9
	12

	2028
	0.18003
	0.80777
	0.00561
	0.00658
	1495
	269
	1208
	8
	10

	2029
	0.17403
	0.81646
	0.00466
	0.00485
	1616
	281
	1319
	8
	8

	2030
	0.16861
	0.82392
	0.00388
	0.00359
	1746
	294
	1438
	7
	6

	2031
	0.16366
	0.83045
	0.00324
	0.00265
	1886
	309
	1566
	6
	5

	2032
	0.15908
	0.83626
	0.00270
	0.00197
	2038
	324
	1704
	6
	4

	2033
	0.15478
	0.84151
	0.00226
	0.00146
	2202
	341
	1853
	5
	3

	2034
	0.15071
	0.84632
	0.00189
	0.00108
	2379
	358
	2013
	4
	3

	2035
	0.14682
	0.85080
	0.00158
	0.00080
	2570
	377
	2186
	4
	2

	2036
	0.14308
	0.85500
	0.00132
	0.00060
	2776
	397
	2374
	4
	2

	2037
	0.13947
	0.85898
	0.00111
	0.00044
	2999
	418
	2576
	3
	1

	2038
	0.13596
	0.86278
	0.00093
	0.00033
	3239
	440
	2795
	3
	1

	2039
	0.13255
	0.86643
	0.00078
	0.00024
	3499
	464
	3032
	3
	1

	2040
	0.12922
	0.86995
	0.00065
	0.00018
	3779
	488
	3288
	2
	1

	2041
	0.12596
	0.87335
	0.00055
	0.00014
	4082
	514
	3565
	2
	1

	2042
	0.12278
	0.87666
	0.00046
	0.00010
	4409
	541
	3865
	2
	0

	2043
	0.11965
	0.87989
	0.00038
	0.00007
	4761
	570
	4189
	2
	0

	2044
	0.11660
	0.88303
	0.00032
	0.00006
	5142
	600
	4540
	2
	0

	2045
	0.11360
	0.88609
	0.00027
	0.00004
	5553
	631
	4920
	2
	0

	2046
	0.11066
	0.88908
	0.00023
	0.00003
	5996
	664
	5331
	1
	0

	2047
	0.10778
	0.89201
	0.00019
	0.00002
	6475
	698
	5775
	1
	0

	2048
	0.10495
	0.89487
	0.00016
	0.00002
	6991
	734
	6256
	1
	0

	2049
	0.10219
	0.89767
	0.00013
	0.00001
	7549
	771
	6776
	1
	0

	2050
	0.09947
	0.90040
	0.00011
	0.00001
	8150
	811
	7338
	1
	0


[bookmark: _Toc235551922]Table S34. Projected shares and counts of spacecraft by size category for the period 2024-2050, based on a calibration window from 2006-2023.

	Year
	Micro
	Small
	Medium
	Large
	Spacecraft
	Micro
	Small
	Medium
	Large

	
	Share of spacecraft (%)
	Estimated spacecraft (units)

	2024
	0.30033
	0.64669
	0.01729
	0.03569
	1096
	329
	709
	19
	39

	2025
	0.29973
	0.65761
	0.01485
	0.02781
	1185
	355
	779
	18
	33

	2026
	0.29936
	0.66621
	0.01277
	0.02165
	1280
	383
	853
	16
	28

	2027
	0.29931
	0.67283
	0.01099
	0.01687
	1384
	414
	931
	15
	23

	2028
	0.29962
	0.67775
	0.00948
	0.01315
	1495
	448
	1013
	14
	20

	2029
	0.30032
	0.68123
	0.00819
	0.01026
	1616
	485
	1101
	13
	17

	2030
	0.30142
	0.68349
	0.00708
	0.00801
	1746
	526
	1193
	12
	14

	2031
	0.30290
	0.68470
	0.00613
	0.00626
	1886
	571
	1292
	12
	12

	2032
	0.30474
	0.68504
	0.00532
	0.00490
	2038
	621
	1396
	11
	10

	2033
	0.30691
	0.68463
	0.00462
	0.00384
	2202
	676
	1507
	10
	8

	2034
	0.30939
	0.68358
	0.00402
	0.00302
	2379
	736
	1626
	10
	7

	2035
	0.31213
	0.68200
	0.00350
	0.00237
	2570
	802
	1753
	9
	6

	2036
	0.31511
	0.67998
	0.00305
	0.00186
	2776
	875
	1888
	8
	5

	2037
	0.31830
	0.67757
	0.00266
	0.00146
	2999
	955
	2032
	8
	4

	2038
	0.32166
	0.67486
	0.00232
	0.00115
	3239
	1042
	2186
	8
	4

	2039
	0.32518
	0.67188
	0.00203
	0.00091
	3499
	1138
	2351
	7
	3

	2040
	0.32882
	0.66869
	0.00178
	0.00072
	3779
	1243
	2527
	7
	3

	2041
	0.33255
	0.66533
	0.00155
	0.00057
	4082
	1357
	2716
	6
	2

	2042
	0.33636
	0.66183
	0.00136
	0.00045
	4409
	1483
	2918
	6
	2

	2043
	0.34024
	0.65822
	0.00119
	0.00035
	4761
	1620
	3134
	6
	2

	2044
	0.34415
	0.65453
	0.00104
	0.00028
	5142
	1770
	3366
	5
	1

	2045
	0.34808
	0.65078
	0.00091
	0.00022
	5553
	1933
	3614
	5
	1

	2046
	0.35203
	0.64700
	0.00080
	0.00017
	5996
	2111
	3879
	5
	1

	2047
	0.35597
	0.64319
	0.00070
	0.00014
	6475
	2305
	4164
	5
	1

	2048
	0.35990
	0.63937
	0.00062
	0.00011
	6991
	2516
	4470
	4
	1

	2049
	0.36381
	0.63556
	0.00054
	0.00009
	7549
	2746
	4798
	4
	1

	2050
	0.36768
	0.63177
	0.00047
	0.00007
	8150
	2997
	5149
	4
	1


[bookmark: _Toc235551923]Table S35. Projected shares and counts of spacecraft by size category for the period 2024-2050, based on a calibration window from 2008-2023.

	Year
	Micro
	Small
	Medium
	Large
	Spacecraft
	Micro
	Small
	Medium
	Large

	
	Share of spacecraft (%)
	Estimated spacecraft (units)

	2024
	0.26823
	0.68876
	0.01525
	0.02776
	1096
	294
	755
	17
	30

	2025
	0.26404
	0.70227
	0.01289
	0.02080
	1185
	313
	832
	15
	25

	2026
	0.26059
	0.71289
	0.01091
	0.01561
	1280
	334
	913
	14
	20

	2027
	0.25789
	0.72112
	0.00927
	0.01173
	1384
	357
	998
	13
	16

	2028
	0.25589
	0.72739
	0.00789
	0.00883
	1495
	383
	1088
	12
	13

	2029
	0.25454
	0.73207
	0.00673
	0.00666
	1616
	411
	1183
	11
	11

	2030
	0.25378
	0.73544
	0.00576
	0.00503
	1746
	443
	1284
	10
	9

	2031
	0.25352
	0.73774
	0.00493
	0.00381
	1886
	478
	1392
	9
	7

	2032
	0.25371
	0.73917
	0.00423
	0.00289
	2038
	517
	1506
	9
	6

	2033
	0.25429
	0.73989
	0.00364
	0.00219
	2202
	560
	1629
	8
	5

	2034
	0.25518
	0.74002
	0.00313
	0.00166
	2379
	607
	1760
	7
	4

	2035
	0.25635
	0.73968
	0.00270
	0.00127
	2570
	659
	1901
	7
	3

	2036
	0.25775
	0.73896
	0.00233
	0.00096
	2776
	716
	2051
	6
	3

	2037
	0.25934
	0.73791
	0.00201
	0.00073
	2999
	778
	2213
	6
	2

	2038
	0.26110
	0.73661
	0.00173
	0.00056
	3239
	846
	2386
	6
	2

	2039
	0.26298
	0.73509
	0.00150
	0.00043
	3499
	920
	2572
	5
	1

	2040
	0.26498
	0.73340
	0.00129
	0.00033
	3779
	1001
	2772
	5
	1

	2041
	0.26706
	0.73157
	0.00112
	0.00025
	4082
	1090
	2986
	5
	1

	2042
	0.26922
	0.72962
	0.00097
	0.00019
	4409
	1187
	3217
	4
	1

	2043
	0.27144
	0.72758
	0.00084
	0.00014
	4761
	1292
	3464
	4
	1

	2044
	0.27371
	0.72546
	0.00072
	0.00011
	5142
	1407
	3730
	4
	1

	2045
	0.27601
	0.72327
	0.00063
	0.00008
	5553
	1533
	4016
	3
	0

	2046
	0.27835
	0.72104
	0.00054
	0.00006
	5996
	1669
	4323
	3
	0

	2047
	0.28071
	0.71877
	0.00047
	0.00005
	6475
	1818
	4654
	3
	0

	2048
	0.28309
	0.71647
	0.00041
	0.00004
	6991
	1979
	5009
	3
	0

	2049
	0.28548
	0.71414
	0.00035
	0.00003
	7549
	2155
	5391
	3
	0

	2050
	0.28788
	0.71179
	0.00030
	0.00002
	8150
	2346
	5801
	2
	0


[bookmark: _Toc235551924]Table S36. Projected shares and counts of spacecraft by size category for the period 2024-2050, based on a calibration window from 2012-2023.

	Year
	Micro
	Small
	Medium
	Large
	Spacecraft
	Micro
	Small
	Medium
	Large

	
	Share of spacecraft (%)
	Estimated spacecraft (units)

	2024
	0.14584
	0.81909
	0.01232
	0.02274
	1096
	160
	898
	14
	25

	2025
	0.12754
	0.84573
	0.01014
	0.01660
	1185
	151
	1002
	12
	20

	2026
	0.11184
	0.86763
	0.00838
	0.01215
	1280
	143
	1111
	11
	16

	2027
	0.09826
	0.88586
	0.00696
	0.00892
	1384
	136
	1226
	10
	12

	2028
	0.08642
	0.90123
	0.00579
	0.00656
	1495
	129
	1348
	9
	10

	2029
	0.07604
	0.91430
	0.00482
	0.00484
	1616
	123
	1477
	8
	8

	2030
	0.06689
	0.92552
	0.00403
	0.00357
	1746
	117
	1616
	7
	6

	2031
	0.05882
	0.93519
	0.00336
	0.00263
	1886
	111
	1764
	6
	5

	2032
	0.05167
	0.94358
	0.00281
	0.00194
	2038
	105
	1923
	6
	4

	2033
	0.04536
	0.95087
	0.00235
	0.00143
	2202
	100
	2094
	5
	3

	2034
	0.03977
	0.95721
	0.00196
	0.00106
	2379
	95
	2277
	5
	3

	2035
	0.03484
	0.96274
	0.00164
	0.00078
	2570
	90
	2474
	4
	2

	2036
	0.03049
	0.96757
	0.00137
	0.00057
	2776
	85
	2686
	4
	2

	2037
	0.02666
	0.97178
	0.00114
	0.00042
	2999
	80
	2914
	3
	1

	2038
	0.02329
	0.97545
	0.00095
	0.00031
	3239
	75
	3160
	3
	1

	2039
	0.02033
	0.97865
	0.00079
	0.00023
	3499
	71
	3424
	3
	1

	2040
	0.01774
	0.98143
	0.00066
	0.00017
	3779
	67
	3709
	2
	1

	2041
	0.01546
	0.98386
	0.00055
	0.00012
	4082
	63
	4016
	2
	1

	2042
	0.01347
	0.98598
	0.00046
	0.00009
	4409
	59
	4347
	2
	0

	2043
	0.01173
	0.98782
	0.00038
	0.00007
	4761
	56
	4703
	2
	0

	2044
	0.01021
	0.98942
	0.00032
	0.00005
	5142
	53
	5087
	2
	0

	2045
	0.00888
	0.99081
	0.00026
	0.00004
	5553
	49
	5502
	1
	0

	2046
	0.00773
	0.99203
	0.00022
	0.00003
	5996
	46
	5948
	1
	0

	2047
	0.00672
	0.99308
	0.00018
	0.00002
	6475
	44
	6430
	1
	0

	2048
	0.00584
	0.99399
	0.00015
	0.00001
	6991
	41
	6949
	1
	0

	2049
	0.00508
	0.99479
	0.00013
	0.00001
	7549
	38
	7509
	1
	0

	2050
	0.00441
	0.99548
	0.00011
	0.00001
	8150
	36
	8113
	1
	0


[bookmark: _Toc235551925]Table S37. Projected shares and counts of spacecraft by size category for the period 2024-2050, based on a calibration window from 2014-2023.

	Year
	Micro
	Small
	Medium
	Large
	Spacecraft
	Micro
	Small
	Medium
	Large

	
	Share of spacecraft (%)
	Estimated spacecraft (units)

	2024
	0.09304
	0.87485
	0.01075
	0.02136
	1096
	102
	959
	12
	23

	2025
	0.07258
	0.90343
	0.00860
	0.01540
	1185
	86
	1070
	10
	18

	2026
	0.05659
	0.92537
	0.00691
	0.01113
	1280
	72
	1185
	9
	14

	2027
	0.04408
	0.94230
	0.00556
	0.00806
	1384
	61
	1304
	8
	11

	2028
	0.03427
	0.95541
	0.00448
	0.00584
	1495
	51
	1429
	7
	9

	2029
	0.02659
	0.96556
	0.00361
	0.00423
	1616
	43
	1560
	6
	7

	2030
	0.02060
	0.97343
	0.00291
	0.00306
	1746
	36
	1699
	5
	5

	2031
	0.01592
	0.97952
	0.00235
	0.00222
	1886
	30
	1848
	4
	4

	2032
	0.01229
	0.98422
	0.00189
	0.00160
	2038
	25
	2006
	4
	3

	2033
	0.00947
	0.98785
	0.00152
	0.00116
	2202
	21
	2175
	3
	3

	2034
	0.00729
	0.99065
	0.00122
	0.00084
	2379
	17
	2357
	3
	2

	2035
	0.00561
	0.99280
	0.00098
	0.00060
	2570
	14
	2551
	3
	2

	2036
	0.00431
	0.99446
	0.00079
	0.00043
	2776
	12
	2761
	2
	1

	2037
	0.00331
	0.99574
	0.00063
	0.00031
	2999
	10
	2986
	2
	1

	2038
	0.00254
	0.99672
	0.00051
	0.00023
	3239
	8
	3229
	2
	1

	2039
	0.00195
	0.99747
	0.00041
	0.00016
	3499
	7
	3490
	1
	1

	2040
	0.00150
	0.99805
	0.00033
	0.00012
	3779
	6
	3772
	1
	0

	2041
	0.00115
	0.99850
	0.00026
	0.00008
	4082
	5
	4076
	1
	0

	2042
	0.00088
	0.99884
	0.00021
	0.00006
	4409
	4
	4404
	1
	0

	2043
	0.00068
	0.99911
	0.00017
	0.00004
	4761
	3
	4757
	1
	0

	2044
	0.00052
	0.99931
	0.00014
	0.00003
	5142
	3
	5138
	1
	0

	2045
	0.00040
	0.99947
	0.00011
	0.00002
	5553
	2
	5550
	1
	0

	2046
	0.00031
	0.99959
	0.00009
	0.00002
	5996
	2
	5994
	1
	0

	2047
	0.00023
	0.99968
	0.00007
	0.00001
	6475
	2
	6473
	0
	0

	2048
	0.00018
	0.99976
	0.00006
	0.00001
	6991
	1
	6989
	0
	0

	2049
	0.00014
	0.99981
	0.00005
	0.00001
	7549
	1
	7547
	0
	0

	2050
	0.00011
	0.99985
	0.00004
	0.00000
	8150
	1
	8149
	0
	0


[bookmark: _Toc235551926]Table S38. Classification of spacecraft by category, function, mass, orbital5,26,50,78.

	Category
	Sub-type/Function
	Typical mass (kg)
	Design lifetime (years)
	Typical orbit
	Representative examples

	Communication satellites
	Broadcast, telecommunication, internet constellations
	1000–6000
	10–20
	GEO / MEO
	Intelsat, Starlink, OneWeb

	Earth observation satellites
	Optical, radar, climate and environmental monitoring
	500-3000
	5-10
	LEO / SSO
	Landsat-8, Sentinel-2, Gaofen-1

	Navigation satellites
	Positioning, navigation, timing (PNT)
	1000-2000
	10-15
	MEO
	GPS IIF, Galileo, BeiDou

	Scientific & astronomy satellites
	Space and Earth science, astrophysics, planetary missions
	500-10000
	5-20
	LEO / HEO / Deep Space
	Hubble, James Webb, Gaia

	Technology demonstration satellites
	Testing new sensors, materials, or propulsion
	1-500
	1-5
	LEO
	Surrey TechSat, CubeSat missions

	Military & reconnaissance satellites
	Surveillance, early warning, secure communications
	1000-10000
	5-15
	LEO / GEO
	NRO satellites, Yaogan series

	Crewed spacecraft
	Transport and habitation of astronauts
	7000-20000
	<10 (per vehicle)
	LEO / Lunar
	Soyuz, Crew Dragon, Orion

	Space probes
	Interplanetary exploration
	100-5000
	10-30
	Heliocentric / Planetary
	Voyager, Cassini, New Horizons

	Space stations
	Long-term human operations
	>100000
	10-30
	LEO
	ISS, Tiangong

	Small satellites
	Low-cost, compact platforms
	<500
	1-5
	LEO
	Planet Dove, ICEYE, Swarm

	  • Minisatellite
	
	100-500
	2-7
	LEO
	Astroscale ELSA-d

	  • Microsatellite
	
	10-100
	1-5
	LEO
	PlanetScope

	  • Nanosatellite/ CubeSat
	
	1-10
	0.5-3
	LEO
	1U-12U CubeSats (universities, startups)

	  • Picosatellite/ Femtosatellite
	
	<1
	<1
	LEO
	ThinSat, KickSat
(ChipSat prototypes)







[bookmark: _Toc235551927]Table S39. Classification of spacecraft by mass (kg).

	Large
	Medium
	Small
	Mini
	Micro
	Nano
	Pico
	Femto
	Reference

	≥1000
	500-1000
	100-500
	-
	10-100
	1-10
	0.1-1
	<0.1
	5

	≥1000
	≥500 & <1000
	<500
	≥100 & <500
	≥10 & <100
	≥1 & <10
	≥0.1 & <1
	≤0.1
	78

	≥1000
	500-1000
	-
	100-500
	10-100
	1-10
	0.01-1
	0.01-0.01
	79

	>1000
	500-1000
	-
	100-500
	10-100
	1-10
	<1
	-
	80






[bookmark: _Toc235551928]Table S40. Summary statistics of Monte Carlo-derived dry mass distributions for each spacecraft class (N=10,000 samples per class). Mean, median, standard deviation (SD), and percentiles (P05, P25, P75, P95).
	Class
	Mean
	Median
	SD
	P05
	P25
	P75
	P95

	Micro
	5.0
	5.0
	2.0
	1.6
	3.5
	6.4
	8.4

	Small
	253.9
	253.8
	99.7
	88.5
	181.6
	325.3
	422.4

	Medium
	749.8
	749.9
	100.6
	582.1
	676.6
	822.4
	917.0

	Large
	3515.9
	3514.6
	1018.8
	1797.8
	2785.9
	4240.1
	5208.9




[bookmark: _Toc235551864]Figure S17.  Histogram of simulated micro-class spacecraft dry masses (N=10,000), based on a triangular distribution with bounds of 0.01–10 kg and a most-likely value of 5 kg.




[bookmark: _Toc235551865]Figure S18.  Histogram of simulated small-class spacecraft dry masses (N=10,000), based on a triangular distribution with bounds of 10–500 kg and a most-likely value of 250 kg.



[bookmark: _Toc235551866]Figure S19.  Histogram of simulated medium-class spacecraft dry masses (N=10,000), based on a triangular distribution with bounds of 500–1,000 kg and a most-likely value of 750 kg.





[bookmark: _Toc235551867]Figure S20.  Histogram of simulated large-class spacecraft dry masses (N = 10,000), based on a triangular distribution with bounds of 1,000–6,000 kg and a most-likely value of 3,500 kg






[bookmark: _Toc235551929]Table S41. Energy footprint of metals in mining (MJ/kg).
	
	42
	81

	Element
	 
	 
	Mean
	SD
	Samples

	Ag
	3280
	11246
	1745
	2171
	2

	Al
	131
	74
	171
	65
	17

	As
	5
	75
	40
	35
	1

	Au
	208000
	243437
	315000
	101823
	2

	Cd
	53
	14171
	7112
	7059
	1

	Co
	128
	156
	129
	170
	12

	Cu
	53.7
	23
	58
	39
	20

	Fe
	23.1
	24
	19
	7
	8

	Ga
	3030
	786
	1908
	1122
	1

	In
	1720
	27716
	14718
	12998
	1

	Li
	125
	69
	89
	26
	9

	Ni
	111
	145
	156
	68
	15

	Pb
	18.9
	10
	25
	6
	8

	Pd
	72700
	122789
	188350
	163554
	2

	Pt
	243000
	76135
	315000
	101823
	2

	REEs
	3665
	4060
	3862.5
	197.5
	1

	Si
	-
	1396
	5242
	3039
	5

	Sn
	321
	64
	192.5
	128.5
	1

	Ti
	115
	321
	280
	143
	3

	Zn
	52.9
	19
	48
	12
	12



[bookmark: _Toc235551930]Table S42. CO2 footprint of metals in mining (kg CO2-eq/kg)81.
	Element
	HES
	LES
	Mean
	SD
	Samples

	Ag
	1489
	432
	283
	301
	10

	Al
	10.1
	2.3
	16
	9
	23

	As
	9.9
	2.3
	0.3
	4
	1

	Au
	26337
	10191
	29222
	21825
	32

	Cd
	1898
	354
	3
	823
	1

	Co
	20.5
	6.4
	14
	12
	11

	Cu
	3.2
	0.6
	5.5
	9
	46

	Fe
	2.5
	1.9
	3.9
	7
	11

	Ga
	63.4
	55.5
	205
	69
	1

	In
	3713
	692
	102
	1582
	1

	Li
	6.4
	4.4
	7
	7
	24

	Ni
	18.1
	5.6
	13
	5
	26

	Pb
	1.1
	0.5
	2
	1
	10

	Pd
	12971
	4204
	15128
	11049
	5

	Pt
	9350
	2121
	27488
	8844
	5

	REEs
	542
	116
	221
	181
	 

	Si
	128.8
	60
	461
	238
	5

	Sn
	7.6
	2.4
	17
	6
	1

	Ti
	36.6
	23
	27
	16
	3

	Zn
	2.6
	0.5
	4.1
	1
	15


HES: high emission scenario (based mostly on fossil fuels)
LES: low emission scenario (utilizing a combination of renewable energy sources)

[bookmark: _Toc235551931]Table S43. Water stress (m3/t)
	Element
	average
	SD
	Comments
	Reference

	Ag
	1713
	671
	Water consumption for silver concentrate production (average)
	Ref. A

	Al
	15.26
	4.0
	Water scarcity global aluminium including China and global aluminium excluding China
	Ref. B

	As*
	11.93
	-
	As is commonly obtained as a by-product of smelting of copper, lead, cobalt, and gold ores, often as As trioxide recovered from flue dust
	-

	Au
	265861
	122990.2
	Water consumption for refined gold metal production (average)
	Ref. A

	Cd**
	43.2
	 
	Cadmium is commonly recovered as a by-product of zinc refining
	-

	Co
	208.4
	118.5
	Water consumption for cobalt concentrate production (average)
	Ref. A

	Cu
	43.2
	26.5
	Water consumption for copper concentrate production (average)
	Ref. A

	Fe
	0.447
	0.1
	Water consumption for iron ore fines production (average)
	Ref. A

	Ga
	6800
	-
	Water consumption for primary gallium metal production (4N purity)
	Ref. D

	In
	3114.29
	-
	ProBas dataset for 1 t indium
	Ref. E

	Li
	211
	107.8
	Production from salars (lithium carbonate, Li2CO3, battery grade)
	Ref. F

	Ni
	193.8
	61.5
	Nickel metal production
	Ref. A

	Pb
	6.597
	2.8
	Leacd concentrate
	Ref. A

	Pd
	210713
	108995.3
	Palladium metal production
	Ref. A

	Pt
	313496
	134724.9
	Platinium metal
	Ref. A

	REEs
	11170
	13049.5
	Average from monazite-based rare-earth production; range 3,803–29,902 kg/kg depending on element
	Ref. G

	Si
	3120
	-
	Best available proxy for upstream/primary silicon refining. 62,300 m3 water withdrawal/t Si
	Ref. H

	Sn
	312
	-
	Water use for refined tin ingot (m3 world eq)
	Ref. I

	Ti
	30.1
	-
	For titanium sponge production
	Ref. J

	Zn
	11.93
	5.3
	Zinc concentrate
	Ref. A


*Arsenic water consumption was estimated at ~43.2 m³/t As, using copper concentrate production as the proxy parent system. This proxy was selected because arsenic is generally recovered as a by-product of nonferrous smelting, especially from copper smelter flue dust, where arsenic trioxide is volatilized during smelting and subsequently recovered. Because no direct open arsenic-specific water-consumption inventory was identified, the average specific water consumption of copper concentrates (43.2 m3/t metal-equivalent) reported by Meißner (2021) was used as the best available real-industry proxy.82 This estimate should therefore be interpreted as the water consumption intensity of the dominant copper production route associated with arsenic recovery, not as a direct measured inventory for pure arsenic production
** Cadmium water consumption was estimated at ~11.93 m3/t Cd, using zinc concentrate production as the proxy parent system. This proxy was selected because cadmium is produced predominantly as a by-product of zinc processing; approximately 80% of cadmium production is associated with zinc production, and about 3 kg Cd are produced per tonne of Zn. Since no direct open cadmium-specific water-consumption inventory was identified, the average specific water consumption of zinc concentrates (11.93 m3/t metal-equivalent) reported by Meißner (2021), based on a comparative review of LCA datasets and industrial sources, was adopted as the best available real-industry proxy.82 This estimate should therefore be interpreted as the water consumption intensity of the dominant zinc production route that generates cadmium, rather than a fully allocated cadmium-only process inventory.


[bookmark: _Toc235551932]Table S44. Rock-to-metal ratio (waste rock + tailings + processing loss).83,84

	Element
	RMR
	SD

	Ag
	22378
	840000

	Al
	7.14
	4.5

	As*
	513
	-

	Au
	3046349
	8670000

	Cd*
	71
	-

	Co
	859
	3080

	Cu
	513
	944

	Fe
	9.23
	13

	Ga
	15604
	6350

	In
	1253310
	1130000

	Li
	1634
	2550

	Ni
	250
	342

	Pb**
	50
	-

	Pd
	688473
	1050000

	Pt
	834932
	1180000

	REEs
	980
	-

	Si
	3
	-

	Sn
	2231
	1600

	Ti
	99
	54

	Zn
	71
	58.5


	*: Arsenic and cadmium were assigned provisional route-based rock-to-metal proxies equal to those of their dominant parent production systems, namely copper (513 t rock/t metal) and zinc (71 t rock/t metal), respectively. These values should be interpreted as production-route proxies rather than Cd- or As-specific rock-to-metal ratios, because the RMR framework allocates burdens based on operation-specific revenue shares, recoveries, and mined material flows.

	**: In the case of lead, data was obtained from: https://thebreakthrough.org/issues/energy/updated-mining-footprints-and-raw-material-needs-for-clean-energy






[bookmark: _Toc235551933]Table S45. ISO 3166-1 alpha-3 country codes corresponding to the countries listed in this study.

	Country
	Code
	Country
	Code
	Country
	Code

	USA
	USA
	Russia
	RUS
	China
	CHN

	UK
	GBR
	International
	INT*
	Japan
	JPN

	India
	IND
	Germany
	DEU
	France
	FRA

	Canada
	CAN
	Italy
	ITA
	Spain
	ESP

	Argentina
	ARG
	South Korea
	KOR
	Israel
	ISR

	Luxembourg
	LUX
	Australia
	AUS
	Saudi Arabia
	SAU

	Brazil
	BRA
	Turkey
	TUR
	Switzerland
	CHE

	Singapore
	SGP
	Indonesia
	IDN
	UAE
	ARE

	Sweden
	SWE
	Iran
	IRN
	Netherlands
	NLD

	Norway
	NOR
	Thailand
	THA
	Mexico
	MEX

	Denmark
	DNK
	Poland
	POL
	South Africa
	ZAF

	Egypt
	EGY
	Finland
	FIN
	Malaysia
	MYS

	Ukraine
	UKR
	Belgium
	BEL
	Chile
	CHL

	Kazakhstan
	KAZ
	North Korea
	PRK
	Greece
	GRC

	Bulgaria
	BGR
	Vietnam
	VNM
	Hungary
	HUN

	Lithuania
	LTU
	Philippines
	PHL
	Czechoslovakia
	CSK**

	Czech Republic
	CZE
	Pakistan
	PAK
	Algeria
	DZA

	Nigeria
	NGA
	Romania
	ROU
	New Zealand
	NZL

	Peru
	PER
	Estonia
	EST
	Belarus
	BLR

	Ecuador
	ECU
	Austria
	AUT
	Slovenia
	SVN

	Colombia
	COL
	Venezuela
	VEN
	Oman
	OMN

	Angola
	AGO
	Morocco
	MAR
	Kuwait
	KWT

	Ethiopia
	ETH
	Nepal
	NPL
	Latvia
	LVA

	Uruguay
	URY
	Turkmenistan
	TKM
	Moldova
	MDA

	Portugal
	PRT
	Monaco
	MCO
	Tunisia
	TUN

	Armenia
	ARM
	Rwanda
	RWA
	Djibouti
	DJI

	Qatar
	QAT
	Myanmar
	MMR
	Azerbaijan
	AZE

	Slovakia
	SVK
	Ireland
	IRL
	Jordan
	JOR

	Bangladesh
	BGD
	Costa Rica
	CRI
	Mauritius
	MUS

	Guatemala
	GTM
	Bolivia
	BOL
	Kenya
	KEN

	Vatican
	VAT
	Sudan
	SDN
	Laos
	LAO


*INT = non-official placeholder for international entities.
**CSK = historical ISO code (Czechoslovakia).

These standardized codes are widely used for data harmonization and international comparisons. “International” (INT) does not correspond to an official ISO designation and is used here as a placeholder to represent multinational or non-country-specific activities. “Czechoslovakia” (CSK) refers to a historical entity and is included using its former ISO code (ISO 3166-3) for consistency with legacy data.
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Year



Satellites launched
Total	1957	1958	1959	1960	1961	1962	1963	1964	1965	1966	1967	1968	1969	1970	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017	2018	2019	2020	2021	2022	2023	3	28	26	42	57	97	92	123	175	169	172	161	150	142	169	139	146	139	163	161	142	168	130	147	161	159	158	169	161	149	139	141	135	165	143	136	114	123	104	100	159	184	141	125	87	94	92	77	78	114	119	105	130	130	140	142	216	302	272	227	489	484	517	1313	1889	2565	2965	Satellites

Year


Satellites by Orbit
Total	LEO	GEO	HEO	MEO	(blank)	16008	1430	447	420	49	Satellites

Orbit


Hist_f_Electronics	0.10249999999999999	0.1075	0.1125	0.11749999999999999	0.1225	0.1275	0.13250000000000001	0.13750000000000001	0.14249999999999999	0.14749999999999999	0.1525	0.1575	0.16250000000000001	0.16750000000000001	0.17249999999999999	0.17749999999999999	0.1825	0.1875	0.1925	0.19750000000000001	0.20250000000000001	0.20749999999999999	0.21249999999999999	0.2175	0.2225	0.22750000000000001	0.23250000000000001	0.23749999999999999	0.24249999999999999	0.2475	0.2525	0.25750000000000001	0.26250000000000001	0.26750000000000002	0.27250000000000002	0.27750000000000002	0.28249999999999997	0.28749999999999998	0.29249999999999998	0.29749999999999999	15	45	58	95	102	122	165	193	214	237	250	311	297	353	374	365	426	452	449	463	491	446	467	406	391	382	358	320	296	259	248	188	191	151	117	123	73	55	41	11	Value

Count


Electronics: Cu (%)
Cu share	24.5062532422529	24.680730319454099	24.855207396655299	25.029684473856499	25.204161551057702	25.378638628258798	25.553115705460002	25.727592782661201	25.902069859862401	26.0765469370636	26.2510240142648	26.4255010914659	26.5999781686671	26.7744552458683	26.948932323069499	27.123409400270599	27.297886477471799	27.472363554672999	27.646840631874198	27.821317709075402	27.995794786276601	28.170271863477701	28.344748940678901	28.519226017880101	28.6937030950813	28.8681801722825	29.0426572494836	29.2171343266848	29.391611403885999	29.566088481087199	29.740565558288399	29.915042635489499	30.089519712690699	30.263996789891898	30.438473867093101	30.612950944294301	30.787428021495401	30.961905098696601	31.136382175897801	31.310859253099	7	1	2	4	20	25	44	79	95	136	186	243	350	415	461	544	665	666	684	722	683	654	650	544	494	432	314	275	203	115	98	67	44	32	24	12	4	4	0	2	Share (%)

Count


Electronics: Al (%)
Al share	1.35253474480026	1.41273665760919	1.4729385704181199	1.5331404832270501	1.59334239603598	1.65354430884491	1.7137462216538399	1.7739481344627701	1.8341500472716901	1.89435196008062	1.95455387288955	2.0147557856984801	2.0749576985074101	2.13515961131634	2.19536152412527	2.2555634369341999	2.3157653497431299	2.37596726255205	2.43616917536098	2.4963710881699099	2.5565730009788399	2.6167749137877698	2.6769768265967002	2.7371787394056302	2.7973806522145601	2.8575825650234901	2.9177844778324098	2.9779863906413402	3.0381883034502701	3.0983902162592001	3.15859212906813	3.21879404187706	3.2789959546859899	3.3391978674949199	3.3993997803038498	3.45960169311277	3.5198036059216999	3.5800055187306299	3.6402074315395598	3.7004093443484898	1	0	0	8	13	21	50	68	93	141	227	329	409	458	550	644	663	698	728	732	671	621	558	492	413	344	268	232	162	100	99	80	46	27	17	13	10	7	3	4	Share (%)

Count


Electronics: Ni (%)
Ni share	1.0356724942008	1.09484991908506	1.15402734396933	1.2132047688535901	1.2723821937378501	1.3315596186221199	1.3907370435063799	1.44991446839065	1.50909189327491	1.56826931815917	1.6274467430434401	1.6866241679277001	1.7458015928119699	1.8049790176962299	1.8641564425805	1.92333386746476	1.98251129234902	2.0416887172332898	2.1008661421175501	2.1600435670018201	2.2192209918860799	2.2783984167703402	2.3375758416546102	2.39675326653887	2.45593069142314	2.5151081163073998	2.5742855411916601	2.6334629660759301	2.6926403909601899	2.7518178158444599	2.8109952407287202	2.87017266561298	2.92935009049725	2.9885275153815098	3.0477049402657799	3.1068823651500401	3.1660597900342999	3.22523721491857	3.2844146398028302	3.3435920646870998	3	1	4	21	22	53	78	138	190	283	378	498	607	680	793	783	795	759	717	650	564	456	371	327	220	176	113	98	81	53	28	16	19	13	6	1	3	1	0	1	Share (%)

Count


Electronics: Sn (%)
Sn share	0.746644679191663	0.79063548024192098	0.83462628129217897	0.87861708234243696	0.92260788339269495	0.96659868444295205	1.01058948549321	1.0545802865434699	1.09857108759373	1.1425618886439799	1.18655268969424	1.2305434907445001	1.27453429179476	1.3185250928450101	1.3625158938952699	1.40650669494553	1.4504974959957899	1.49448829704605	1.5384790980962999	1.58246989914656	1.6264607001968201	1.67045150124708	1.7144423022973401	1.75843310334759	1.8024239043978501	1.8464147054481099	1.89040550649837	1.9343963075486299	1.97838710859888	2.0223779096491401	2.0663687106994	2.1103595117496599	2.15435031279991	2.1983411138501698	2.2423319149004302	2.28632271595069	2.3303135170009401	2.3743043180512	2.4182951191014599	2.4622859201517202	2	2	6	26	39	64	89	148	206	292	372	438	548	621	614	663	697	693	643	601	568	506	420	360	299	250	205	137	121	102	71	68	43	25	26	10	9	10	3	3	Share (%)

Count


Electronics: Ti (%)
Ti share	7.4721614245659498E-2	0.101830799978054	0.12893998571044801	0.156049171442842	0.18315835717523701	0.210267542907631	0.23737672864002499	0.26448591437241997	0.29159510010481399	0.318704285837208	0.34581347156960301	0.37292265730199697	0.40003184303439099	0.427141028766786	0.45425021449918002	0.48135940023157398	0.50846858596396804	0.535577771696363	0.56268695742875696	0.58979614316115103	0.61690532889354599	0.64401451462593995	0.67112370035833402	0.69823288609072898	0.72534207182312305	0.75245125755551701	0.77956044328791096	0.80666962902030603	0.83377881475269999	0.86088800048509395	0.88799718621748902	0.91510637194988298	0.94221555768227705	0.96932474341467101	0.99643392914706597	1.02354311487946	1.05065230061185	1.07776148634425	1.1048706720766399	1.1319798578090401	9	32	94	205	347	510	629	748	829	888	895	790	727	670	521	504	394	295	213	188	154	103	79	57	39	19	23	8	11	4	5	4	2	1	0	0	1	0	1	1	Share (%)

Count


Electronics: Zn (%)
Zn share	0.126818407568459	0.15677157444999501	0.18672474133153	0.21667790821306601	0.246631075094601	0.27658424197613701	0.306537408857673	0.33649057573920799	0.36644374262074397	0.39639690950228001	0.426350076383815	0.45630324326535099	0.48625641014688697	0.51620957702842196	0.546162743909958	0.57611591079149305	0.60606907767302898	0.63602224455456502	0.66597541143610095	0.69592857831763599	0.72588174519917203	0.75583491208070697	0.78578807896224301	0.81574124584377905	0.84569441272531398	0.87564757960685002	0.90560074648838595	0.935553913369921	0.96550708025145704	0.99546024713299297	1.0254134140145299	1.0553665808960599	1.0853197477776	1.11527291465913	1.1452260815406701	1.1751792484222101	1.2051324153037399	1.23508558218528	1.26503874906681	1.2949919159483501	4	13	45	95	194	282	445	553	647	769	767	780	849	808	687	608	517	451	353	291	213	167	122	96	63	46	45	25	22	16	7	6	6	4	1	0	0	1	0	2	Share (%)

Count


Electronics: Fe (%)
Fe share	0.61364226226546004	0.657918249040225	0.70219423581498996	0.74647022258975504	0.790746209364521	0.83502219613928597	0.87929818291405104	0.923574169688816	0.96785015646358097	1.0121261432383499	1.0564021300131099	1.1006781167878801	1.14495410356264	1.18923009033741	1.23350607711217	1.2777820638869399	1.3220580506616999	1.3663340374364701	1.4106100242112301	1.454886010986	1.49916199776076	1.5434379845355299	1.5877139713102899	1.6319899580850601	1.6762659448598201	1.72054193163459	1.76481791840936	1.8090939051841199	1.8533698919588899	1.8976458787336501	1.9419218655084201	1.98619785228318	2.03047383905795	2.0747498258327099	2.1190258126074801	2.1633017993822401	2.2075777861570098	2.2518537729317698	2.29612975970654	2.3404057464813	3	4	17	26	52	111	125	227	317	406	469	595	673	702	747	737	732	699	600	567	458	395	315	271	204	154	109	69	65	52	40	18	13	8	8	4	6	1	0	1	Share (%)

Count


Electronics: Ag (%)
Ag share	1.0450053854664999E-2	2.5970111444490299E-2	4.1490169034315599E-2	5.7010226624141E-2	7.2530284213966303E-2	8.8050341803791704E-2	0.10357039939361699	0.11909045698344201	0.134610514573268	0.150130572163093	0.165650629752918	0.181170687342744	0.19669074493256899	0.21221080252239399	0.22773086011221999	0.24325091770204499	0.25877097529186999	0.27429103288169598	0.28981109047152098	0.30533114806134598	0.32085120565117198	0.33637126324099698	0.35189132083082197	0.36741137842064803	0.38293143601047303	0.39845149360029902	0.41397155119012402	0.42949160877994902	0.44501166636977502	0.46053172395960001	0.47605178154942501	0.49157183913925101	0.50709189672907595	0.52261195431890095	0.53813201190872695	0.55365206949855195	0.56917212708837694	0.58469218467820305	0.60021224226802805	0.61573229985785305	91	360	632	750	908	917	932	929	742	678	567	467	362	346	289	216	190	123	108	98	70	42	41	29	29	23	15	10	11	5	4	3	4	1	1	3	2	0	0	2	Share (%)

Count


Electronics: Au (%)
Au share	5.9575750758370204E-3	1.77570441597968E-2	2.9556513243756601E-2	4.1355982327716402E-2	5.3155451411676199E-2	6.4954920495636101E-2	7.6754389579595905E-2	8.8553858663555696E-2	0.100353327747515	0.112152796831475	0.123952265915435	0.135751734999395	0.14755120408335501	0.15935067316731399	0.17115014225127401	0.18294961133523399	0.194749080419194	0.20654854950315399	0.218348018587114	0.23014748767107299	0.241946956755033	0.25374642583899298	0.265545894922953	0.27734536400691301	0.28914483309087202	0.30094430217483198	0.31274377125879199	0.324543240342752	0.33634270942671202	0.34814217851067097	0.35994164759463099	0.371741116678591	0.38354058576255101	0.39534005484651102	0.40713952393046998	0.41893899301442999	0.43073846209839001	0.44253793118235002	0.45433740026630998	0.46613686935026899	1079	1378	1316	1150	962	823	657	536	429	354	264	204	161	154	105	85	65	55	45	38	30	15	15	15	18	8	14	7	7	3	2	1	2	0	0	1	1	0	0	1	Share (%)

Count


Electronics: Pd (%)
Pd share	4.1302120166961404E-3	1.23906360500884E-2	2.06510600834807E-2	2.8911484116872999E-2	3.71719081502652E-2	4.5432332183657498E-2	5.3692756217049803E-2	6.1953180250441997E-2	7.0213604283834302E-2	7.8474028317226593E-2	8.6734452350618899E-2	9.4994876384011107E-2	0.103255300417403	0.11151572445079599	0.11977614848418799	0.12803657251757999	0.13629699655097199	0.14455742058436499	0.15281784461775699	0.16107826865114899	0.16933869268454199	0.17759911671793399	0.18585954075132599	0.19411996478471799	0.20238038881811099	0.21064081285150299	0.21890123688489499	0.22716166091828699	0.23542208495167999	0.24368250898507199	0.25194293301846399	0.26020335705185699	0.26846378108524899	0.27672420511864099	0.28498462915203299	0.29324505318542599	0.30150547721881799	0.30976590125220999	0.31802632528560199	0.32628674931899498	7281	956	510	322	247	163	109	90	67	62	40	40	25	11	18	6	13	8	3	7	3	4	1	4	2	2	1	1	1	0	0	1	0	0	0	0	0	0	0	2	Share (%)

Count


Electronics: Pt (%)
Pt share	5.0537750526072796E-3	1.5161325157821801E-2	2.5268875263036401E-2	3.5376425368250898E-2	4.5483975473465499E-2	5.55915255786801E-2	6.5699075683894603E-2	7.5806625789109197E-2	8.5914175894323694E-2	9.6021725999538302E-2	0.10612927610475301	0.116236826209967	0.126344376315182	0.136451926420396	0.14655947652561099	0.15666702663082599	0.16677457673603999	0.17688212684125501	0.18698967694646901	0.197097227051684	0.207204777156898	0.217312327262113	0.22741987736732699	0.23752742747254199	0.24763497757775699	0.25774252768297101	0.26785007778818598	0.27795762789340001	0.28806517799861497	0.298172728103829	0.30828027820904402	0.31838782831425799	0.32849537841947302	0.33860292852468798	0.34871047862990201	0.35881802873511698	0.368925578840331	0.37903312894554603	0.38914067905076	0.39924822915597502	9071	394	192	134	78	36	22	25	13	11	7	4	3	5	0	1	1	1	0	0	0	0	1	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	1	Share (%)

Count


Electronics: REEs (%)
REEs share	0.48256325684291301	0.528203412871176	0.57384356889943999	0.61948372492770298	0.66512388095596697	0.71076403698422996	0.75640419301249295	0.80204434904075705	0.84768450506902004	0.89332466109728303	0.93896481712554702	0.98460497315381001	1.03024512918207	1.07588528521034	1.1215254412386	1.16716559726686	1.21280575329513	1.25844590932339	1.3040860653516499	1.3497262213799199	1.3953663774081799	1.4410065334364399	1.4866466894647099	1.5322868454929699	1.5779270015212301	1.6235671575495001	1.6692073135777601	1.7148474696060201	1.7604876256342901	1.8061277816625501	1.8517679376908101	1.89740809371908	1.94304824974734	1.9886884057756	2.03432856180387	2.0799687178321302	2.12560887386039	2.17124902988866	2.2168891859169202	2.2625293419451902	5	6	15	51	89	147	231	343	447	588	719	783	835	811	831	783	691	572	498	381	288	260	166	146	98	72	60	26	15	20	13	3	4	1	1	0	0	0	0	1	Share (%)

Count


Electronics: Other (%)
Other share	58.767834848089201	58.9559761780611	59.144117508032998	59.332258838004797	59.520400167976803	59.708541497948602	59.8966828279205	60.084824157892399	60.272965487864298	60.461106817836203	60.649248147808102	60.83738947778	61.025530807751899	61.213672137723798	61.401813467695703	61.589954797667502	61.778096127639401	61.9662374576113	62.154378787583198	62.342520117555097	62.530661447527002	62.718802777498901	62.9069441074708	63.095085437442698	63.283226767414497	63.471368097386403	63.659509427358302	63.8476507573302	64.035792087302099	64.223933417273997	64.412074747245896	64.600216077217794	64.788357407189693	64.976498737161606	65.164640067133405	65.352781397105304	65.540922727077202	65.729064057049101	65.917205387020999	66.105346716992898	1	0	3	0	11	10	18	40	46	64	90	116	195	240	321	388	476	560	664	699	723	701	706	678	625	571	488	423	302	261	206	122	86	64	38	23	20	7	6	8	Share (%)

Count


Hist_f_SolarPanels	0.20163586956337701	0.20408076871656	0.206525667869744	0.20897056702292699	0.21141546617611101	0.21386036532929401	0.216305264482478	0.21875016363566099	0.22119506278884399	0.22363996194202801	0.226084861095211	0.228529760248395	0.23097465940157799	0.23341955855476201	0.23586445770794501	0.238309356861129	0.240754256014312	0.24319915516749599	0.24564405432067901	0.24808895347386301	0.25053385262704603	0.25297875178022899	0.25542365093341302	0.25786855008659598	0.26031344923978	0.26275834839296303	0.26520324754614699	0.26764814669933001	0.27009304585251298	0.272537945005697	0.27498284415888102	0.27742774331206399	0.27987264246524701	0.28231754161843098	0.284762440771614	0.28720733992479802	0.28965223907798099	0.29209713823116501	0.29454203738434798	0.296986936537531	12	47	80	91	107	136	150	171	227	227	258	256	308	305	361	410	410	394	436	505	503	467	431	427	380	361	318	295	279	252	242	229	190	158	168	124	104	82	68	31	Value

Count


Specific power
Hist_W_per_kg	21.2816673054649	23.257630479429	25.2335936533932	27.2095568273574	29.1855200013215	31.161483175285699	33.137446349249899	35.113409523214102	37.089372697178199	39.065335871142402	41.041299045106598	43.017262219070702	44.993225393034898	46.969188566999101	48.945151740963198	50.921114914927401	52.897078088891597	54.8730412628557	56.849004436819897	58.8249676107841	60.800930784748303	62.7768939587124	64.752857132676596	66.728820306640799	68.704783480604902	70.680746654569106	72.656709828533295	74.632673002497398	76.608636176461602	78.584599350425805	80.560562524389994	82.536525698354097	84.512488872318301	86.488452046282504	88.464415220246593	90.440378394210796	92.416341568175	94.392304742139103	96.368267916103306	98.344231090067495	57	139	255	377	490	486	478	403	483	430	446	363	376	349	389	351	363	310	313	303	256	264	260	230	198	215	204	165	161	153	116	111	103	107	84	68	69	33	21	21	Value

Count


Cumulative solar-panel metals vs W/kg (1957–2023)
Ag	20	30	40	50	60	80	100	1.2084265199999999	1.81263978	2.4168530399999999	3.0210663000000002	3.6252795600000001	4.8337060799999998	6.0421326000000004	Al	20	30	40	50	60	80	100	12.23235139	18.348527085000001	24.46470278	30.580878474999999	36.697054170000001	48.929405559999999	61.161756949999997	As	20	30	40	50	60	80	100	15.95515286	23.932729290000001	31.91030572	39.887882150000003	47.865458580000002	63.82061144	79.775764300000006	Cu	20	30	40	50	60	80	100	89.391919740000006	134.08787960999999	178.78383948000001	223.47979935000001	268.17575921999997	357.56767896000002	446.95959870000002	Ga	20	30	40	50	60	80	100	3.1666715600000002	4.7500073399999998	6.3333431200000003	7.9166789	9.5000146799999996	12.666686240000001	15.8333578	In	20	30	40	50	60	80	100	0.91346295	1.370194425	1.8269259	2.2836573750000002	2.74038885	3.6538518	4.5673147500000004	Pb	20	30	40	50	60	80	100	5.8209440499999996	8.7314160750000003	11.641888099999999	14.552360125	17.462832150000001	23.283776199999998	29.10472025	Si	20	30	40	50	60	80	100	477.20048194999998	715.80072292499995	954.40096389999997	1193.001204875	1431.6014458499999	1908.8019277999999	2386.00240975	Sn	20	30	40	50	60	80	100	5.5874141599999998	8.3811212400000006	11.17482832	13.9685354	16.762242480000001	22.349656639999999	27.937070800000001	Zn	20	30	40	50	60	80	100	2.4359011999999999E-3	3.6538517999999999E-3	4.8718023999999999E-3	6.0897529999999998E-3	7.3077035999999998E-3	9.7436047999999997E-3	1.2179506E-2	W/kg

Cumulative metal (kg)



Hist_f_Batteries	5.2379682613774202E-2	5.6078199071303701E-2	5.9776715528833298E-2	6.3475231986362901E-2	6.7173748443892498E-2	7.0872264901421997E-2	7.4570781358951593E-2	7.8269297816481204E-2	8.19678142740108E-2	8.5666330731540299E-2	8.9364847189069896E-2	9.3063363646599506E-2	9.6761880104129103E-2	0.100460396561659	0.104158913019188	0.107857429476718	0.111555945934247	0.115254462391777	0.118952978849307	0.122651495306836	0.126350011764366	0.130048528221895	0.133747044679425	0.137445561136954	0.141144077594484	0.144842594052014	0.148541110509543	0.15223962696707299	0.15593814342460199	0.15963665988213199	0.16333517633966099	0.16703369279719099	0.17073220925472099	0.17443072571224999	0.17812924216977999	0.18182775862730899	0.18552627508483899	0.18922479154236799	0.19292330799989801	0.19662182445742801	20	35	80	70	108	130	167	199	224	238	278	284	284	303	370	364	422	437	453	517	485	472	428	399	394	379	316	307	300	258	234	199	170	166	132	119	115	70	50	24	Value

Count


BATT_AgZn: Ag (%)
Ag share	3.24883803980453	4.4165174530102398	5.58419686621595	6.7518762794216602	7.9195556926273696	9.0872351058330896	10.254914519038801	11.422593932244499	12.5902733454502	13.7579527586559	14.925632171861601	16.093311585067401	17.260990998273101	18.428670411478802	19.596349824684498	20.764029237890199	21.931708651095899	23.0993880643016	24.2670674775073	25.434746890713001	26.602426303918801	27.770105717124501	28.937785130330202	30.105464543535899	31.273143956741599	32.440823369947303	33.608502783153	34.776182196358697	35.9438616095645	37.111541022770098	38.279220435975901	39.446899849181598	40.614579262387302	41.782258675592999	42.949938088798703	44.1176175020044	45.285296915210097	46.452976328415801	47.620655741621597	48.788335154827301	3	9	23	58	130	174	292	354	448	566	613	668	734	733	668	667	643	565	503	429	329	298	255	224	159	123	87	72	57	36	24	22	12	9	3	4	1	1	2	2	Share (%)

Count


BATT_AgZn: Zn (%)
Zn share	40.350372771398099	41.6276824804062	42.904992189414301	44.182301898422303	45.459611607430404	46.736921316438398	48.014231025446499	49.2915407344546	50.568850443462601	51.846160152470702	53.123469861478803	54.400779570486797	55.678089279494898	56.955398988502999	58.232708697511001	59.510018406519102	60.787328115527202	62.064637824535197	63.341947533543298	64.619257242551299	65.896566951559393	67.173876660567501	68.451186369575495	69.728496078583603	71.005805787591697	72.283115496599706	73.5604252056078	74.837734914615893	76.115044623623902	77.392354332631996	78.669664041640004	79.946973750648098	81.224283459656206	82.501593168664201	83.778902877672294	85.056212586680402	86.333522295688397	87.610832004696505	88.888141713704599	90.165451422712593	2	0	3	1	6	9	14	25	43	51	55	105	108	136	201	224	311	389	421	484	523	583	632	652	665	670	623	575	553	450	452	313	235	163	123	93	57	30	15	5	Share (%)

Count


BATT_AgZn: Other (%)
Other share	0.803626371497142	1.72526526672354	2.6469041619499301	3.5685430571763201	4.4901819524027102	5.4118208476291096	6.3334597428555002	7.2550986380818898	8.1767375333082803	9.0983764285346798	10.0200153237611	10.9416542189875	11.863293114213899	12.784932009440301	13.7065709046666	14.628209799893	15.549848695119399	16.471487590345799	17.3931264855722	18.314765380798601	19.236404276024999	20.1580431712514	21.079682066477801	22.001320961704199	22.9229598569306	23.844598752157001	24.766237647383399	25.6878765426098	26.609515437836102	27.531154333062499	28.4527932282889	29.374432123515302	30.296071018741699	31.2177099139681	32.139348809194502	33.060987704420903	33.982626599647297	34.904265494873698	35.825904390100099	36.7475432853265	21	104	291	400	621	655	727	801	776	777	767	644	577	518	455	360	306	240	225	185	131	98	80	51	56	41	22	17	19	8	7	2	4	4	7	2	0	0	0	1	Share (%)

Count


BATT_NiCd: Ni (%)
Ni share	28.538518090496002	29.741830957420898	30.945143824345902	32.148456691270901	33.351769558195798	34.555082425120801	35.758395292045698	36.961708158970701	38.165021025895598	39.368333892820601	40.571646759745597	41.774959626670501	42.978272493595497	44.181585360520501	45.384898227445397	46.588211094370401	47.791523961295297	48.994836828220301	50.198149695145197	51.401462562070201	52.604775428995197	53.808088295920101	55.011401162845097	56.214714029770001	57.418026896694997	58.62133976362	59.824652630544897	61.0279654974699	62.231278364394797	63.4345912313198	64.637904098244704	65.841216965169707	67.044529832094696	68.2478426990196	69.451155565944603	70.654468432869507	71.857781299794496	73.061094166719499	74.264407033644403	75.467719900569406	3	2	7	6	16	30	42	69	96	127	174	216	289	354	458	498	547	566	648	683	660	680	642	581	544	504	374	319	239	201	143	98	57	63	31	20	8	4	0	1	Share (%)

Count


BATT_NiCd: Cd (%)
Cd share	9.8181330418723398	11.0723752708064	12.326617499740401	13.580859728674501	14.835101957608501	16.089344186542601	17.343586415476601	18.597828644410701	19.852070873344701	21.106313102278801	22.360555331212801	23.614797560146901	24.869039789080901	26.123282018015001	27.377524246949001	28.631766475883101	29.886008704817101	31.140250933751201	32.394493162685201	33.648735391619297	34.902977620553301	36.157219849487397	37.411462078421401	38.665704307355497	39.919946536289501	41.174188765223597	42.428430994157601	43.682673223091697	44.936915452025701	46.191157680959797	47.445399909893801	48.699642138827897	49.953884367761901	51.208126596695998	52.462368825630001	53.716611054564098	54.970853283498101	56.225095512432198	57.479337741366201	58.733579970300298	1	0	1	2	9	15	35	73	115	169	221	325	444	517	631	640	667	750	792	771	667	645	549	437	412	294	262	171	122	84	75	40	22	17	13	5	3	1	1	2	Share (%)

Count


BATT_NiCd: Co (%)
Co share	0.20333298345744699	0.60891166909771399	1.01449035473798	1.4200690403782501	1.82564772601851	2.2312264116587799	2.63680509729905	3.0423837829393201	3.44796246857958	3.8535411542198501	4.2591198398601096	4.6646985255003797	5.0702772111406498	5.4758558967809199	5.8814345824211802	6.2870132680614503	6.6925919537017204	7.0981706393419799	7.50374932498225	7.9093280106225201	8.3149066962627796	8.7204853819030497	9.1260640675433091	9.5316427531835792	9.9372214388238493	10.3428001244641	10.7483788101044	11.153957495744701	11.5595361813849	11.9651148670252	12.3706935526655	12.776272238305699	13.181850923946	13.5874296095863	13.993008295226501	14.398586980866799	14.804165666507	15.2097443521473	15.615323037787601	16.020901723427901	1966	1546	1249	993	792	705	497	438	353	276	214	169	139	132	99	90	61	56	56	39	31	16	17	11	4	14	5	2	5	5	6	5	1	2	1	2	1	1	0	1	Share (%)

Count


BATT_NiCd: Other (%)
Other share	2.31134704172044	3.2099869703722899	4.1086268990241397	5.0072668276759904	5.9059067563278402	6.8045466849796901	7.7031866136315399	8.6018265422833906	9.5004664709352404	10.399106399587099	11.297746328238899	12.196386256890801	13.095026185542601	13.9936661141945	14.8923060428463	15.7909459714982	16.68958590015	17.5882258288019	18.4868657574537	19.385505686105599	20.284145614757399	21.182785543409299	22.081425472061099	22.980065400712999	23.878705329364799	24.777345258016702	25.675985186668601	26.574625115320401	27.473265043972301	28.371904972624101	29.270544901276001	30.169184829927801	31.0678247585797	31.9664646872315	32.865104615883297	33.7637445445352	34.662384473187103	35.5610244018389	36.459664330490803	37.358304259142599	6	23	61	121	199	335	478	581	665	784	794	750	794	658	668	635	479	399	377	273	239	191	117	107	78	52	47	26	16	11	17	9	2	4	1	0	1	0	0	2	Share (%)

Count


BATT_NiH2: Ni (%)
Ni share	14.2962150331457	15.573816462267899	16.851417891390099	18.129019320512299	19.406620749634499	20.684222178756698	21.961823607879001	23.239425037001201	24.517026466123401	25.794627895245601	27.0722293243678	28.34983075349	29.6274321826122	30.9050336117344	32.182635040856603	33.460236469978803	34.737837899101102	36.015439328223302	37.293040757345501	38.570642186467701	39.848243615589901	41.125845044712101	42.4034464738343	43.6810479029565	44.9586493320787	46.2362507612009	47.513852190323099	48.791453619445399	50.069055048567598	51.346656477689798	52.624257906811998	53.901859335934198	55.179460765056398	56.457062194178597	57.734663623300797	59.012265052422997	60.289866481545303	61.567467910667503	62.845069339789703	64.122670768911902	4	4	22	18	51	95	128	214	255	323	421	513	614	621	689	671	688	700	629	608	488	495	410	326	286	218	147	104	87	58	45	25	21	11	5	3	1	1	0	1	Share (%)

Count


BATT_NiH2: Other (%)
Other share	35.877329231088098	37.154930660210297	38.432532089332497	39.710133518454803	40.987734947577003	42.265336376699203	43.542937805821403	44.820539234943602	46.098140664065802	47.375742093188002	48.653343522310202	49.930944951432402	51.208546380554701	52.486147809676901	53.7637492387991	55.0413506679213	56.3189520970435	57.5965535261657	58.874154955287899	60.151756384410099	61.429357813532299	62.706959242654499	63.984560671776698	65.262162100899005	66.539763530021204	67.817364959143404	69.094966388265604	70.372567817387804	71.650169246510004	72.927770675632203	74.205372104754403	75.482973533876603	76.760574962998803	78.038176392121002	79.315777821243302	80.593379250365501	81.870980679487701	83.148582108609901	84.426183537732101	85.7037849668543	1	0	1	1	3	5	11	21	25	45	58	87	104	147	218	286	326	410	495	488	608	629	700	688	671	689	621	614	513	421	323	255	214	128	95	51	18	22	4	4	Share (%)

Count


BATT_LiIon: Li (%)
Li share	0.59625420703862397	1.78876262110819	2.9812710351777598	4.1737794492473297	5.3662878633169004	6.5587962773864703	7.7513046914560402	8.94381310552561	10.136321519595199	11.3288299336647	12.5213383477343	13.7138467618039	14.9063551758735	16.098863589943001	17.291372004012601	18.483880418082201	19.676388832151702	20.868897246221302	22.061405660290902	23.253914074360399	24.446422488429999	25.638930902499599	26.831439316569199	28.023947730638699	29.2164561447083	30.4089645587779	31.6014729728474	32.793981386916997	33.986489800986597	35.178998215056097	36.371506629125697	37.564015043195297	38.756523457264898	39.949031871334398	41.141540285403998	42.334048699473598	43.526557113543099	44.719065527612699	45.911573941682299	47.104082355751899	5877	1234	740	494	358	287	224	151	126	87	80	62	61	52	31	35	20	20	16	8	10	4	2	6	7	0	3	0	1	1	1	0	0	0	0	1	0	0	0	1	Share (%)

Count


BATT_LiIon: Co (%)
Co share	0.62437165063294098	1.87301116824629	3.1216506858596502	4.370290203473	5.6189297210863502	6.8675692386997103	8.1162087563130605	9.3648482739264196	10.6134877915398	11.862127309153101	13.110766826766501	14.359406344379799	15.608045861993199	16.8566853796065	18.105324897219901	19.3539644148332	20.602603932446598	21.85124345006	23.099882967673299	24.348522485286701	25.597162002899999	26.845801520513401	28.0944410381267	29.343080555740102	30.5917200733534	31.840359590966798	33.088999108580097	34.337638626193502	35.586278143806801	36.834917661420199	38.083557179033498	39.332196696646903	40.580836214260302	41.8294757318736	43.078115249486999	44.326754767100297	45.575394284713703	46.824033802327001	48.072673319940399	49.321312837553698	2164	1449	1099	898	749	593	547	459	367	277	255	181	177	132	116	115	76	76	49	51	31	27	23	20	13	12	7	6	15	4	4	1	0	3	1	0	1	1	0	1	Share (%)

Count


BATT_LiIon: Ni (%)
Ni share	0.58871633513078503	1.7640078388681699	2.93929934260556	4.1145908463429404	5.2898823500803296	6.4651738538177197	7.6404653575551	8.8157568612924901	9.9910483650298705	11.166339868767301	12.3416313725047	13.516922876242001	14.692214379979401	15.867505883716801	17.0427973874542	18.218088891191599	19.393380394929	20.568671898666299	21.743963402403701	22.919254906141099	24.0945464098785	25.269837913615898	26.4451294173533	27.620420921090702	28.7957124248281	29.971003928565398	31.1462954323028	32.321586936040198	33.496878439777603	34.672169943515001	35.8474614472524	37.022752950989798	38.198044454727103	39.373335958464502	40.5486274622019	41.723918965939298	42.899210469676703	44.074501973414101	45.249793477151499	46.425084980888798	1274	1192	1010	870	797	704	610	527	452	381	341	302	250	184	169	162	125	116	87	66	80	52	36	42	28	28	24	19	21	7	10	7	8	7	6	2	1	1	1	1	Share (%)

Count


BATT_LiIon: Fe (%)
Fe share	0.783614578301287	2.2403217774232398	3.6970289765451798	5.15373617566713	6.6104433747890798	8.0671505739110305	9.5238577730329794	10.9805649721549	12.4372721712769	13.893979370398799	15.3506865695208	16.807393768642701	18.264100967764701	19.720808166886599	21.177515366008599	22.6342225651305	24.0909297642525	25.547636963374401	27.004344162496398	28.461051361618299	29.9177585607403	31.374465759862201	32.831172958984197	34.287880158106098	35.744587357228099	37.20129455635	38.658001755472	40.114708954593901	41.571416153715901	43.028123352837802	44.484830551959803	45.941537751081697	47.398244950203697	48.854952149325598	50.311659348447598	51.768366547569499	53.2250737466915	54.681780945813401	56.138488144935401	57.595195344057302	243	476	641	695	735	758	752	638	595	597	544	509	453	369	310	320	234	203	160	149	126	101	77	58	46	45	36	39	17	20	15	6	12	8	5	3	2	1	1	1	Share (%)

Count


BATT_LiIon: Cu (%)
Cu share	0.68443189937000204	2.04966219345014	3.4148924875302802	4.7801227816104204	6.1453530756905597	7.5105833697706998	8.87581366385084	10.241043957931	11.606274252011101	12.9715045460913	14.336734840171401	15.7019651342515	17.067195428331701	18.4324257224118	19.797656016491999	21.162886310572102	22.528116604652201	23.8933468987324	25.258577192812499	26.623807486892701	27.989037780972801	29.3542680750529	30.719498369133099	32.084728663213198	33.449958957293298	34.815189251373504	36.180419545453603	37.545649839533802	38.910880133613901	40.2761104276941	41.641340721774199	43.006571015854298	44.371801309934497	45.737031604014597	47.102261898094802	48.467492192174902	49.832722486255001	51.1979527803352	52.563183074415299	53.928413368495498	816	1008	1033	939	841	778	697	592	466	461	356	348	270	242	209	151	137	148	94	80	63	48	44	41	30	24	17	14	10	6	5	6	6	3	4	4	4	2	1	2	Share (%)

Count


BATT_LiIon: Al (%)
Al share	0.80380750289264802	2.36850385511682	3.93320020734099	5.4978965595651603	7.0625929117893298	8.6272892640135002	10.1919856162377	11.7566819684618	13.321378320686	14.886074672910199	16.450771025134401	18.015467377358501	19.580163729582701	21.1448600818069	22.709556434031001	24.2742527862552	25.8389491384794	27.4036454907035	28.9683418429277	30.533038195151899	32.097734547376099	33.662430899600203	35.227127251824399	36.791823604048602	38.356519956272699	39.921216308496902	41.485912660721098	43.050609012945202	44.615305365169398	46.180001717393601	47.744698069617797	49.309394421841901	50.874090774066097	52.4387871262903	54.003483478514397	55.5681798307386	57.132876182962796	58.6975725351869	60.262268887411103	61.8269652396353	570	856	922	952	917	876	734	654	572	521	443	349	304	251	182	182	154	126	94	84	69	50	36	22	22	17	9	3	8	4	4	5	5	1	1	0	0	0	0	1	Share (%)

Count


BATT_LiIon: Other (%)
Other share	7.0074356829559603	9.0737747917914096	11.140113900626901	13.206453009462299	15.272792118297801	17.339131227133201	19.405470335968701	21.471809444804201	23.538148553639601	25.604487662475101	27.670826771310502	29.737165880146001	31.803504988981398	33.869844097816902	35.936183206652302	38.002522315487802	40.068861424323302	42.135200533158702	44.201539641994202	46.267878750829603	48.334217859665102	50.400556968500503	52.466896077336003	54.533235186171503	56.599574295006903	58.665913403842403	60.732252512677803	62.798591621513303	64.864930730348703	66.931269839184196	68.997608948019703	71.063948056855097	73.130287165690604	75.196626274525997	77.262965383361504	79.329304492196897	81.395643601032404	83.461982709867797	85.528321818703304	87.594660927538797	1	3	1	7	9	27	31	71	96	126	169	239	261	349	367	427	485	519	568	580	557	618	596	536	543	497	463	371	332	288	229	189	160	106	57	52	33	21	13	3	Share (%)

Count


Hist_f_Structure	0.10082858316106399	0.102053666994077	0.10327875082709	0.104503834660103	0.105728918493116	0.10695400232613	0.108179086159143	0.10940416999215601	0.110629253825169	0.11185433765818199	0.113079421491195	0.11430450532420799	0.115529589157221	0.116754672990234	0.117979756823247	0.11920484065626	0.120429924489274	0.121655008322287	0.12288009215530001	0.124105175988313	0.12533025982132601	0.12655534365433899	0.12778042748735199	0.129005511320365	0.13023059515337801	0.13145567898639099	0.132680762819404	0.133905846652418	0.13513093048543101	0.13635601431844399	0.137581098151457	0.13880618198447001	0.14003126581748301	0.14125634965049599	0.142481433483509	0.14370651731652201	0.14493160114953499	0.146156684982548	0.147381768815562	0.14860685264857501	16	44	65	95	103	131	147	190	202	210	268	261	269	335	368	351	422	457	420	471	457	495	454	434	374	365	367	302	269	288	234	232	208	169	159	118	93	79	50	28	Value

Count


Hist_W_per_kg	21.2816673054649	23.257630479429	25.2335936533932	27.2095568273574	29.1855200013215	31.161483175285699	33.137446349249899	35.113409523214102	37.089372697178199	39.065335871142402	41.041299045106598	43.017262219070702	44.993225393034898	46.969188566999101	48.945151740963198	50.921114914927401	52.897078088891597	54.8730412628557	56.849004436819897	58.8249676107841	60.800930784748303	62.7768939587124	64.752857132676596	66.728820306640799	68.704783480604902	70.680746654569106	72.656709828533295	74.632673002497398	76.608636176461602	78.584599350425805	80.560562524389994	82.536525698354097	84.512488872318301	86.488452046282504	88.464415220246593	90.440378394210796	92.416341568175	94.392304742139103	96.368267916103306	98.344231090067495	57	139	255	377	490	486	478	403	483	430	446	363	376	349	389	351	363	310	313	303	256	264	260	230	198	215	204	165	161	153	116	111	103	107	84	68	69	33	21	21	Value

Count


Micro Frequency	0.17649999999999999	0.50949999999999995	0.84250000000000003	1.1755	1.5085	1.8414999999999999	2.1745000000000001	2.5074999999999998	2.8405	3.1735000000000002	3.5065	3.8395000000000001	4.1725000000000003	4.5054999999999996	4.8384999999999998	5.1715	5.5045000000000002	5.8375000000000004	6.1704999999999997	6.5034999999999998	6.8365	7.1695000000000002	7.5025000000000004	7.8354999999999997	8.1684999999999999	8.5015000000000001	8.8345000000000002	9.1675000000000004	9.5005000000000006	9.8335000000000008	22	72	114	153	190	240	301	358	402	437	457	482	553	563	626	654	617	578	525	501	416	390	299	270	234	196	165	112	56	17	Mass (kg)

Count


Small Frequency	18.1666666666667	34.5	50.8333333333333	67.1666666666667	83.5	99.8333333333333	116.166666666667	132.5	148.833333333333	165.166666666667	181.5	197.833333333333	214.166666666667	230.5	246.833333333333	263.16666666666703	279.5	295.83333333333297	312.16666666666703	328.5	344.83333333333297	361.16666666666703	377.5	393.83333333333297	410.16666666666703	426.5	442.83333333333297	459.16666666666703	475.5	491.83333333333297	10	61	124	157	185	236	319	334	405	433	488	484	553	652	599	670	633	539	472	461	401	383	312	291	228	214	155	126	51	24	Mass (kg)

Count


Medium Frequency	508.33333333333297	525	541.66666666666697	558.33333333333303	575	591.66666666666697	608.33333333333303	625	641.66666666666697	658.33333333333303	675	691.66666666666697	708.33333333333303	725	741.66666666666697	758.33333333333303	775	791.66666666666697	808.33333333333303	825	841.66666666666697	858.33333333333303	875	891.66666666666697	908.33333333333303	925	941.66666666666697	958.33333333333303	975	991.66666666666697	21	63	89	163	176	246	282	318	411	445	443	563	566	615	604	646	579	562	534	478	423	398	334	290	245	184	142	100	66	14	Mass (kg)

Count


Large Frequency	1083.3333333333301	1250	1416.6666666666699	1583.3333333333301	1750	1916.6666666666699	2083.3333333333298	2250	2416.6666666666702	2583.3333333333298	2750	2916.6666666666702	3083.3333333333298	3250	3416.6666666666702	3583.3333333333298	3750	3916.6666666666702	4083.3333333333298	4250	4416.6666666666697	4583.3333333333303	4750	4916.6666666666697	5083.3333333333303	5250	5416.6666666666697	5583.3333333333303	5750	5916.6666666666697	19	59	105	175	175	244	296	335	327	417	452	507	530	625	676	654	626	557	500	487	424	369	319	279	283	187	156	119	62	36	Mass (kg)

Count
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