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[bookmark: _Toc208850242]1. Historical and future installed capacity

Cumulative stock data for grid-connected solar PV were obtained from the Swedish Energy Agency (Lindahl et al., 2020) [see Figure S1.2]. For wind power, annual inflow (power capacity) data from the Swedish wind turbine registry (Lansstyrelsen, 2022) were used. Savvidou and Johnsson (2023) conducted an inflow-driven MFA to estimate cumulative stock wind capacity used in this study (Figure S1.1). Future MFA stocks are based on solar PV, onshore, and offshore wind capacities from the RE pathway developed by SvK (Svenska Kraftnät, 2021) [see Figure 2 in main manuscript], which projects electricity demand to rise from ~140 TWh today to nearly 300 TWh by 2050. By then, electricity generation is dominated by these technologies.






[bookmark: _Hlk193792544]Figure S1.1: Cumulative installed capacities of onshore and offshore wind power between 1996 and 2021. Source: (Lansstyrelsen, 2022; Savvidou & Johnsson, 2023)



[bookmark: _Toc171362993][bookmark: _Toc171616699][bookmark: _Toc172657874][bookmark: _Toc173327298][bookmark: _Toc176448297]
Figure S1.2: Cumulative installed capacities of solar PV off-grid and grid-connected (distributed and centralized) between 1996 and 2021. Source: (Lindahl et al., 2020)
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Table S1.1: Key demand and supply characteristics for minor metals used in wind and solar PV technologies.

	Minor metal
	Sub-technology
	Share of sub-technology production in relation to world production
	Primary metal with which the by-product metal is recovered
	Share of largest supplier in 2022
	EoL recycling rate of byproduct metala
	Substitution potential of byproduct metalb
	EU import reliance (2016-2020)c
	Top EU supplier for the byproduct metal (2016-2020)c
	EU's share of world byproduct metal  productionc,d
	Byproduct (B) or primary metal (P)  EU reservesc

	Nd
	

Wind turbines with REE-containing PM
	

75%-80% of PM global production
(China)

(Nassar et al., 2016)
	
Iron, other REE, tin (cassiterite), titanium (ilmenite)
	71%d (China)
	~0%
	Medium
	100%
	China (80%)
	0%
	


0.5% (B)

	Pr
	
	
	
	71%d
(China)
	~0%
	Medium
	100%
	China (80%)
	0%
	

	Dy
	
	
	
	68%d (China)
	~0%
	Medium
	100%
	Primarily China
	0%
	

	Tb
	
	
	
	79%d (China)
	~0%
	Medium
	100%
	China (64%)
	0%
	

	Ag
	c-Si
	




90% of the semiconductor wafers used to produce solar cells
(China)

(Bordoff & O’Sullivan Meghan, 2022)

	Lead-zinc, copper, gold
	24% (Mexico)
	~0%
	Medium
	5%
	Poland (62%)
	8%
	16% (B)

	Cd
	


CdTe
	
	Zinc
	42% (China)
	77%
	Low
	8%
	The Netherlands (24%)
	8%
	0.03 (B)e

	Te
	
	
	Copper
	53% (China)
	77%
	Low
	0%
	Canada (27%)
	12%
	3.1% (P)

	Ge
	a-Si
	
	Zinc, coal fly ash
	74% (China)
	~0%
	Low
	42%
	China (45%)
	5%
	No significant reserves

	In
	


CIGS
	
	Zinc
	59% (China)
	~0%
	Low
	11%
	France (38%)
	7%
	No significant reserves

	Ga
	
	
	Bauxite, zinc
	98% (China)
	~0%
	Low
	98%
	China (69%)
	0%
	No significant reserves

	Se
	
	
	Copper
	41% (China)
	~0%
	Low
	2%
	Denmark (34%)
	20%
	4% (B)


a End-of-life recycling rate (the proportion of a metal in waste flows that is recycled from solar PV and wind technologies). It represents the recyclability of metals within each technology. For instance, although silver’s total EoL-RR recycling rate amounts to 35% (Graedel et al., 2022), there is virtually no recycling happens of silver from PV panels. Source: (Dominish et al., 2019). EU specific sources: Carrara et al. (2020), Ciacci et al. (2019), Gregoir and van Acker (2022).
b Based on authors own assessment. For more details, see Supplementary Materials section 7.
c Source: Raw Materials Information System, European Commission, https://rmis.jrc.ec.europa.eu/rmp/
d Of primary or refined metal.
e Estimated based on mine production levels from mines of rare earth oxides (USGS, 2023) and the average REE content in different regions (Wang et al., 2024). 
fDerived based on: 1) Primary metal (zinc) EU reserve: 10.8%; and 2) average cadmium content of typical zinc ores is about 0.03%. Source: (USGS, 2023)
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Table S1.2: Technology, sub-technology, component, and material layers of wind and solar PV technologies used for the minor metals included in the present analysis.

	Technology layer
	Sub-technology layer
	Component layer
	Material layer

	
Wind

(onshore & offshore)

	Direct-drive permanent magnet synchronous generators (DD-PMSG)

Gearbox permanent magnet synchronous generators (GB-PMSG)
	REE
permanent
magnets (PM)
	PM: Neodymium (Nd), Praseodymium (Pr), Dysprosium (Dy), Terbium (Tb)

	
Solar PV

(grid-connected [distributed & centralized])

	Crystalline silicon (c-Si)

Amorphous silicon (a-Si)

Cadmium telluride (CdTe)

Copper indium gallium diselenide (CIGS)
	-
	c-Si: Silver (Ag)

a-Si: Germanium (Ge)

CdTe: Cadmium (Cd), Tellurium (Te)

CIGS: Indium (In), Gallium (Ga), Selenium (Se)




[bookmark: _Toc208849801][bookmark: _Toc208850245]4. Examples of commercial or near-commercial CE applications

Table S1.3: Technology design-related examples of commercial or near-commercial CE strategies in industry.
	CE strategy
	Wind power
	
Solar power

	
Longer design lifespan

	Vestas latest offshore V236-15MW wind plant has a design lifetime of 30 years and depending on the conditions of operation may exceed 35 years (Allekotte & Garrett, 2024).
	
Maxeon provides a 40-year solar panel warranty in their solar panels (Fischer, 2022; Maxeon, 2023).


	
Material intensity reduction

	Toyota has developed a new motor magnet that cuts neodymium use by 50%. The design also eliminates the need for other rare earth elements such as terbium and dysprosium (Tangemann, 2020).
	
The metal intensity of silver in c-Si solar cells has experienced a 40%–50% reduction over the past decade (IEA, 2022).

	

Substitution
	GreenSpur Renewables has pioneered the development of the world's first permanent magnet synchronous generator (PMSG), which utilizes ferrite instead of REE (Snieckus, 2019). 

Tesla announced its upcoming generation of permanent magnet synchronous reluctance motors (PMSRM) for traction applications, specifying that these would not incorporate rare earth PM (Adamas Intelligence, 2023).

The EcoSwing H2020 project[footnoteRef:1] achieved a significant milestone in wind turbine generator technology by designing, constructing, and testing the world's first full-size superconducting generator for a wind turbine. [1: https://cordis.europa.eu/project/id/656024] 

	Silver-free crystalline silicon (c-Si) panels are approaching the stage of commercial availability (Fraunhofer, 2022).

Oxford PV re developing perovskite-silicon tandem cells that stack a perovskite layer on top of a silicon cell. As of 2024, they are scaling up production at their facility in Brandenburg, Germany, with commercial modules expected soon (Jowett, 2024).

The start-up Microquanta Semiconductor is advancing efforts to bring all-perovskite modules to market for specialty applications (Shaw, 2025).


[bookmark: _Toc171616701][bookmark: _Toc172657876][bookmark: _Toc173327300][bookmark: _Toc176448299][bookmark: _Toc176788412][bookmark: _Toc176788454][bookmark: _Toc176788571][bookmark: _Toc176789088][bookmark: _Toc176789944][bookmark: _Toc208849802][bookmark: _Toc208850246]5. Market shares
With regards to solar PV power, the 1st generation sub-technology c-Si currently has over 95% of the market share on the global level (Carrara et al., 2020). It has historically been the dominant sub-technology following its emergence at the beginning of the century, mainly due to its higher efficiencies compared to thin films (Jean et al., 2015).

[bookmark: OLE_LINK2]In our analysis, the current market shares (95.4% for c-Si, 0.3% for a-Si, 2.4% for CdTe, and 1.9% for CIGS), as presented by Carrara et al. (2020), are applied for 2021 and all historical years in both distributed and centralized grid-connected applications. For the scenario period, the Medium Demand Scenario (MDS) provided by Carrara et al. (2020) is applied, according to which, c-Si decreases slightly to 90% market share by 2050, and thin-film technologies make up the remaining 10%, while maintaining their current sub-technology composition. These values are linearly interpolated between 2021 and 2050 in both distributed and centralized grid-connected applications.

For wind power, the prevalent drivetrain technologies that contain rare earth elements (REE) in permanent magnets (PM) are concerned: DD-PMSG and GB-PMSG. Despite the high costs and high metal intensities of PM, they are often favored over alternatives due to their higher levels of efficiency and performance (Rabe et al., 2017). Direct-drive systems that employ PM generators lack the prone-to-failure gearbox component, resulting in a lighter and more-compact turbine design (Carrara et al., 2020). In comparison to the gearbox system, direct-drive PM generators are associated with higher levels of reliability and lower maintenance needs (Nassar et al., 2016), making them particularly attractive for offshore applications and larger plants (Giurco et al., 2019; Pavel et al., 2017).

Currently, the share of DD-PMSG and GB-PMSG for onshore wind turbines in the EU is at about 30% (Carrara et al., 2020), while the offshore sector is dominated by PM drivetrain sub-technologies. Similar to the case of solar PV, the Medium Demand Scenario (MDS) provided by Carrara et al. (2020) is applied to the market shares of PM drivetrains throughout the scenario period (Figure S1.3). According to this, the PM market share in the onshore sector increases from 30% in 2018 to 59% in 2050 (Figure S1.3a), while for the offshore sector, there is a decrease to 68% in 2050 (Figure S1.3b). In both the onshore and offshore sectors, the largest changes occur in this decade, whereas after 2030 changes in market shares occur more slowly.

[image: ]
[bookmark: OLE_LINK10]Figure S1.3: Market shares for the DD-PMSG and GB-PMSG sub-technologies (PM-containing drivetrains) over time for the period of 2018–2050 for a. onshore wind turbines and b. offshore wind turbines.
[bookmark: OLE_LINK3][bookmark: _Toc171362995][bookmark: _Toc171616702][bookmark: _Toc172657877][bookmark: _Toc173327301][bookmark: _Toc176448300][bookmark: _Toc176788413][bookmark: _Toc176788455][bookmark: _Toc176788572][bookmark: _Toc176789089][bookmark: _Toc176789945]Note: The category of ‘Other’ technologies includes Direct Drive Electrically Excited Synchronous Generator (DD-EESG), Gearbox Double-Fed Induction Generator (GB-DFIG), Gearbox Squirrel Cage Induction Generator (GB-SCIG), and Direct Drive High-Temperature Superconductors (DD-HTS).
[bookmark: _Toc208849803][bookmark: _Toc208850247]6. Lifespan
[bookmark: _Hlk207968548]The solar power industry is still relatively young and relatively few solar panels have been decommissioned to date. Therefore, it is not easy to formulate with confidence assumptions regarding the relevant technology lifespans with a good degree of confidence. The wind turbine industry, especially the offshore wind industry, is also in its infancy, with a limited number of decommissioned wind turbines. The vast majority of the global offshore wind capacity is only up to a decade old (IEA, 2018), which means that the experience of the lifespans of offshore turbines is very limited. However, there is evidence that the offshore wind power is designed with longer lifespans than onshore wind power (Liang et al., 2022). Both the solar and wind power industries are also very dynamic, with great advances in the designs of their technologies over the past decade.

Based on a recent systematic review (Liang et al., 2022), the lifespan of onshore wind used in the literature is in the range of 20–25 years, with a mean of 21.7 years. For offshore wind turbines, the lifespan range is 20–30 years, with a mean of 23.6 years. The lifespan of solar PV used in the literature ranges is in the range of 20–40 years, with a mean of 26.3 years for the sub-technologies in focus. 

For the historical period and the future period of the Baseline scenario, these mean lifespan values are used and retained throughout the scenario period. For the Longer design lifespan scenario, which assumes a lower replacement rate, the lifespans are assumed to reach 30 and 35 years for onshore and offshore wind turbines, respectively, by 2050, in agreement with JRC's Low Demand Scenario (Carrara et al., 2020). For solar PV, the mean lifespan increases to 40 years in 2050, in agreement with the max lifespan recorded by Liang et al. (2022). In all cases, the mean lifespans increase linearly between 2021 and 2050. 

All the technologies are assumed to follow a 2-parameter Weibull distribution with standard deviation of 5 years. Figure S1.4 depicts the expected lifespan distribution used for the Baseline scenario throughout the scenario period and the 2050 lifespan distribution used for the Longer design lifespan scenario.


[bookmark: _Toc171362996][bookmark: _Toc171616703][bookmark: _Toc172657878][bookmark: _Toc173327302][bookmark: _Toc176448301][bookmark: _Toc176788414][bookmark: _Toc176788456][bookmark: _Toc176788573][bookmark: _Toc176789090][bookmark: _Toc176789946]Figure S1.4: Expected lifespan Weibull distributions for all technologies in the Baseline (throughout the scenario period) and Longer design lifespan (in 2050) scenarios.
[bookmark: _Toc208849804][bookmark: _Toc208850248]7. Metal intensities
Solar PV
Liang et al. (2022) have conducted a review of material intensities in studies in the literature. Values for the material intensity (MI) per material were collected from the literature for the current case, and for 2030 and 2050. Material efficiency improvements occur over time. For example, the intensity of silver in c-Si solar cells has experienced a 40%–50% reduction over the past decade, which is one of the reasons cited for the exponential increase in solar PV deployment (IEA, 2022). Therefore, for the current case, we filtered the data provided by Liang et al. (2022) to include the material intensity data from the most-recent publications (published between 2018 and 2020). The studies in the literature also provide estimates of the MI values in future years. We collected these for 2030 and 2050. For each material, the average values were used. In Tables S1.4–7, we provide the data for the current case, and Tables S1.8–11 lists the data for 2030 and 2050 cases, including the primary sources. Figure S1.5 provides a visualization of the MI in the three cases, as well as the average values used per case. In the Baseline scenario, the current MI values were kept constant throughout the scenario period, while for the MI reduction scenario the values were linearly interpolated between the current (2021), 2030, and 2050 values.


Table S1.4: Silver intensities (kg/MW) in the c-Si  sub-technology, as reported in the literature published between 2018 and 2020.
	Sub-technology
	Material
	Intensity (kg/MW)
	Source

	c-Si
	Silver
Ag
	21.9
	(W. Li & Adachi, 2019)

	
	
	54.8
	(W. Li & Adachi, 2019)

	
	
	10.3
	(W. Li & Adachi, 2019)

	
	
	54.8
	(W. Li & Adachi, 2019)

	
	
	4.1
	(W. Li & Adachi, 2019)

	
	
	54.8
	(W. Li & Adachi, 2019)

	
	
	80.0
	(Elshkaki & Shen, 2019)

	
	
	36.0
	(Watari et al., 2019)

	
	
	30.0
	(Watari et al., 2019)

	
	
	20.0
	(Carrara et al., 2020)




Table S1.5: Germanium intensities (kg/MW) in the a-Si  sub-technology, as reported in the literature published between 2018 and 2020.
	Sub-technology
	Material
	Intensity (kg/MW)
	Source

	a-Si
	Germanium
Ge
	14.8
	(Valero et al., 2018)

	
	
	73.0
	(Elshkaki & Shen, 2019)

	
	
	48.0
	(Carrara et al., 2020)
















Table S1.6: Cadmium and tellurium intensities (kg/MW) in the CdTe  sub-technology, as reported in the literature published between 2018 and 2020.
	Sub-technology
	Material
	Intensity (kg/MW)
	Source

	CdTe
	Cadmium
Cd
	65.2
	(Valero et al., 2018)

	
	
	85.0
	(Elshkaki & Shen, 2019)

	
	
	244.0
	(Watari et al., 2019)

	
	
	87.0
	(Watari et al., 2019)

	
	
	53.0
	(Zhou et al., 2020)

	
	
	35.0
	(Carrara et al., 2020)

	
	
	50.0
	(Carrara et al., 2020)

	
	
	85.0
	(Carrara et al., 2020)

	
	Tellurium
Te
	70.0
	(Månberger & Stenqvist, 2018)

	
	
	65.4
	(Valero et al., 2018)

	
	
	97.5
	(Elshkaki & Shen, 2019)

	
	
	92.0
	(Watari et al., 2019)

	
	
	41.0
	(Zhou et al., 2020)

	
	
	35.0
	(Carrara et al., 2020)

	
	
	95.0
	(Carrara et al., 2020)

	
	
	52.0
	(Carrara et al., 2020)




Table S1.7: Gallium, indium and selenium intensities (kg/MW) in the CIGS  sub-technology, as reported in the literature published between 2018 and 2020.
	Sub-technology
	Material
	Intensity (kg/MW)
	Source

	CIGS
	Gallium
Ga
	4.0
	(Månberger & Stenqvist, 2018)

	
	
	7.5
	(Elshkaki & Shen, 2019)

	
	
	19.0
	(Watari et al., 2019)

	
	
	3.0
	(Zhou et al., 2020)

	
	
	3.0
	(Carrara et al., 2020)

	
	
	4.0
	(Carrara et al., 2020)

	
	
	7.0
	(Carrara et al., 2020)

	
	Indium
In
	13.0
	(Månberger & Stenqvist, 2018)

	
	
	13.0
	(Wang et al., 2019)

	
	
	23.0
	(Elshkaki & Shen, 2019)

	
	
	31.0
	(Watari et al., 2019)

	
	
	12.0
	(Zhou et al., 2020)

	
	
	10.0
	(Carrara et al., 2020)

	
	
	15.0
	(Carrara et al., 2020)

	
	
	27.0
	(Carrara et al., 2020)

	
	Selenium
Se
	45.0
	(Elshkaki & Shen, 2019)

	
	
	61.0
	(Watari et al., 2019)

	
	
	26.0
	(Zhou et al., 2020)

	
	
	22.0
	(Carrara et al., 2020)

	
	
	35.0
	(Carrara et al., 2020)

	
	
	60.0
	(Carrara et al., 2020)




Table S1.8: Silver intensities (kg/MW) in the c-Si  sub-technology, as reported in the  literature published between 2018 and 2020 reporting on data for the years 2030 and 2050.
	Sub-technology
	Material
	2030 Intensity (tons/GW)
	2050 Intensity (tons/GW)
	Source

	c-Si
	Silver
Ag
	10
	1
	(Elshkaki & Shen, 2019)

	
	
	4
	1
	(Carrara et al., 2020)

	
	
	6
	2
	(Carrara et al., 2020)

	
	
	11
	5
	(Carrara et al., 2020)




Table S1.9: Germanium intensities (kg/MW) in the a-Si sub-technology, as reported in the literature published between 2018 and 2020 reporting on data for the years 2030 and 2050.
	Sub-technology
	Material
	2030 Intensity (tons/GW)
	2050 Intensity (tons/GW)
	Source

	a-Si
	Germanium
Ge
	35
	14
	(Elshkaki & Shen, 2019)

	
	
	22
	10
	(Carrara et al., 2020)

	
	
	27
	15
	(Carrara et al., 2020)

	
	
	32
	20
	(Carrara et al., 2020)




Table S1.10: Cadmium and tellurium intensities (kg/MW) in the CdTe  sub-technology, as reported in the literature published between 2018 and 2020 reporting on data for the years 2030 and 2050.
	Sub-technology
	Material
	2030 Intensity (tons/GW)
	2050 Intensity (tons/GW)
	Source

	CdTe
	Cadmium
Cd
	31
	12
	(Elshkaki & Shen, 2019)

	
	
	30
	17
	(Zhou et al., 2020)

	
	
	20
	10
	(Carrara et al., 2020)

	
	
	27
	12
	(Carrara et al., 2020)

	
	
	60
	35
	(Carrara et al., 2020)

	
	Tellurium
Te
	35
	14
	(Elshkaki & Shen, 2019)

	
	
	29
	20
	(Zhou et al., 2020)

	
	
	20
	11
	(Carrara et al., 2020)

	
	
	27
	15
	(Carrara et al., 2020)

	
	
	70
	40
	(Carrara et al., 2020)




Table S1.11: Gallium, indium and selenium intensities (kg/MW) in the CIGS  sub-technology, as reported in the literature published between 2018 and 2020 reporting on data for the years 2030 and 2050.
	Sub-technology
	Material
	2030 Intensity (tons/GW)
	2050 Intensity (tons/GW)
	Source

	CIGS
	Indium
In
	11
	6
	(Elshkaki & Shen, 2019)

	
	
	9
	7
	(Zhou et al., 2020)

	
	
	8
	5
	(Carrara et al., 2020)

	
	
	10
	6
	(Carrara et al., 2020)

	
	
	17
	10
	(Carrara et al., 2020)

	
	Gallium
Ga
	3
	1
	(Elshkaki & Shen, 2019)

	
	
	2.5
	2
	(Zhou et al., 2020)

	
	
	2
	1
	(Carrara et al., 2020)

	
	
	2.5
	1.5
	(Carrara et al., 2020)

	
	
	4.5
	2.5
	(Carrara et al., 2020)

	
	Selenium
Se
	23
	11
	(Elshkaki & Shen, 2019)

	
	
	19
	14
	(Zhou et al., 2020)

	
	
	17
	9
	(Carrara et al., 2020)

	
	
	20
	12
	(Carrara et al., 2020)

	
	
	40
	20
	(Carrara et al., 2020)







Figure S1.5: Intensities (kg/MW) per sub-technology and material for solar PV in the current case, and for years 2030 and 2050.


Wind power plants
For wind, we conducted our own literature review for material intensity in the current case, and 2050. Tables S1.12–19 summarize the current values for each material under DD-PMSG and GB-PMSG respectively. 


Table S1.12: Neodymium intensities [kg/MW] in neodymium-iron-boron (NdFeB) permanent magnets in dirent-drive systems (DD-PMSG) reported in previous studies.
	Sub-technology
	Material
	NdFeB Magnet Kg/MW
	Kg/MW
	%w
	Source

	DD-PMSG
	Neodymium
Nd
	650
	175.5
	27%
	(Imholte et al., 2018)

	
	
	650
	175.5
	27%
	(J. Li et al., 2020)

	
	
	650
	150.8
	23%
	(Kumari et al., 2018)

	
	
	616
	198
	32%
	(Hoenderdaal et al., 2013)

	
	
	450
	183
	41%
	(Elshkaki & Shen, 2019)




Table S1.13: Praseodymium intensities [kg/MW] in neodymium-iron-boron (NdFeB) permanent magnets in dirent-drive systems (DD-PMSG) reported in previous studies.
	Sub-technology
	Material
	NdFeB Magnet Kg/MW
	Kg/MW
	%w
	Source

	DD-PMSG
	Praseodymium
Pr
	650
	13
	2%
	(Imholte et al., 2018)

	
	
	650
	43.875
	7%
	(J. Li et al., 2020)

	
	
	650
	36.4
	6%
	(Kumari et al., 2018)

	
	
	450
	48
	11%
	(Elshkaki & Shen, 2019)







Table S1.14: Dysprosium intensities [kg/MW] in neodymium-iron-boron (NdFeB) permanent magnets in dirent-drive systems (DD-PMSG) reported in previous studies.
	Sub-technology
	Material
	NdFeB Magnet Kg/MW
	Kg/MW
	%w
	Source

	DD-PMSG
	Dysprosium
Dy
	650
	19.5
	3%
	(Imholte et al., 2018)

	
	
	650
	29.25
	5%
	(J. Li et al., 2020)

	
	
	650
	27.3
	4%
	(Kumari et al., 2018)

	
	
	616
	27.7
	5%
	(Hoenderdaal et al., 2013)

	
	
	450
	29
	6%
	(Elshkaki & Shen, 2019)




Table S1.15: Terbium intensities [kg/MW] in neodymium-iron-boron (NdFeB) permanent magnets in dirent-drive systems (DD-PMSG) reported in previous studies.
	Sub-technology
	Material
	NdFeB Magnet Kg/MW
	Kg/MW
	%w
	Source

	DD-PMSG
	Terbium
Tb
	650
	6.5
	1%
	(Pavel et al., 2017)

	
	
	450
	1.3
	0.3%
	(Elshkaki & Shen, 2019)

	
	
	650
	7
	1%
	(Carrara et al., 2020)

	
	
	650
	8
	1%
	(Leader et al. 2019)




Table S1.16: Neodymium intensities [kg/MW] in neodymium-iron-boron (NdFeB) permanent magnets in gearbox systems (GB-PMSG) reported in previous studies.
	Sub-technology
	Material
	NdFeB Magnet Kg/MW
	Kg/MW
	%w
	Source

	GB-PMSG
	Neodymium
Nd
	120
	27.84
	23%
	(Kumari et al., 2018)

	
	
	160
	43.2
	27%
	(Imholte et al., 2018)

	
	
	120
	32.4
	27%
	(J. Li et al., 2020)




Table S1.17: Praseodymium intensities [kg/MW] in neodymium-iron-boron (NdFeB) permanent magnets in gearbox systems (GB-PMSG) reported in previous studies.
	Sub-technology
	Material
	NdFeB Magnet Kg/MW
	Kg/MW
	%w
	Source

	GB-PMSG
	Praseodymium
Pr
	160
	3.2
	2%
	(Imholte et al., 2018)

	
	
	120
	8.1
	7%
	(J. Li et al., 2020)

	
	
	160
	8.96
	6%
	(Kumari et al., 2018)




Table S1.18: Dysprosium intensities [kg/MW] in neodymium-iron-boron (NdFeB) permanent magnets in gearbox systems (GB-PMSG) reported in previous studies.
	Sub-technology
	Material
	NdFeB Magnet Kg/MW
	Kg/MW
	%w
	Source

	GB-PMSG
	Dysprosium
Dy
	160
	4.8
	3%
	(Imholte et al., 2018)

	
	
	120
	5.4
	5%
	(J. Li et al., 2020)

	
	
	120
	5.04
	4%
	(Kumari et al., 2018)




Table S1.19: Terbium intensities [kg/MW] in neodymium-iron-boron (NdFeB) permanent magnets in gearbox systems (GB-PMSG) reported in previous studies.
	Sub-technology
	Material
	NdFeB Magnet Kg/MW
	Kg/MW
	%w
	Source

	GB-PMSG
	Terbium
Tb
	160
	1
	1%
	(Carrara et al., 2020)

	
	
	160
	1.6
	1%
	(Pavel et al., 2017)





For the future, we assumed a 30% reduction in MI for the LREE (Nd and Pr) by 2050, in accordance with Fishman and Graedel (2019) and Wang et al. (2024), and a 50% reduction in MI for the HREE (Dy and Tb) in accordance to Wang et al. (2024) and Gregoir and van Acker (2022).

A higher MI reduction for the HREE is assumed considering the recent developments in relation to their reduction (JRC, 2016; Schulze & Buchert, 2016), as well the anticipated further reductions (Rabe et al., 2017). There are several examples of industrial applications involving such material reductions. Lower levels of LREE per installed capacity  are used in Vestas’ EnVentus model, and the use of HREE has been entirely eliminated (Vestas, 2019, p. 2). Siemens Gamesa Renewable Energy has notably decreased the Dy content of their wind turbines to well under 1% (compared to the market average of 3%–6% in Tables S1.14 and S1.18). Meanwhile, Goldwind has completely eliminated the use of Dy in certain generators, and in other designs it has reduced its content to below 1% (Wind Power Monthly, 2018).

Similar to the approach used for solar PV, the current MI values were kept constant throughout the scenario period in the Baseline scenario, while for the MI reduction scenario the values were linearly interpolated between the current (2021) and 2050 values. Figure S1.6 provides a visualization of the MI in the current and 2050 cases, as well as the average values used per case.



Figure S1.6: Intensities (kg/MW) per sub-technology and material for wind power in the current year, and in 2050.
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We conducted a review of the scientific literature and industrial applications for substitution options used for wind and solar PV technologies. 

For wind technologies, substitution options are available for the NdFeB permanent magnets used in wind turbines, both at the component and material levels. On the material level, substitution possibilities for the four REE used in PM exist. For example, Pr can replace Nd without compromising PM performance. Neodymium can replace Dy, which is associated with significantly higher costs than Nd (JRC, 2016)). However, in our analysis, we focus on substitution options that do not involve substituting one of the four REE with a different REE. Substitutions using platinum group metals, cerium (Ce), and copper (Cu) have been mentioned in the literature as a material substitution option for REEs. Investigations are underway to identify new magnetic alloy substitutes for Dy. An innovative approach involves using an alloy that combines Ce and cobalt, allowing for the substitution of Ce for Dy while retaining the desired magnetic characteristics, which could represent an attractive alternative in the future (Huber & Steininger, 2022). Furthermore, as mentioned above, certain manufacturers have redesigned their generators to eliminate completely the use of HREE in their generators.

From the component substitution perspective, ferrite magnets can be used in place of REE-containing permanent magnets. GreenSpur Renewables has pioneered the development of the world's first permanent magnet synchronous generator (PMSG), which utilizes ferrite instead of REE (Snieckus, 2019). Ferrite is not subject to the same supply chain constraints or market monopolies, potentially allowing for reduced capital expenditures, which is particularly advantageous for larger electric generators. PMSG has, however, been associated with a 3% reduction in efficiency (Church & Crawford, 2018). During the Investor Day event held on March 1, 2023, Tesla announced its upcoming generation of permanent magnet synchronous reluctance motors (PMSRM) for traction applications, specifying that these would not incorporate rare earth PM, which led to speculation that the REE-containing PM would be replaced by ferrite magnets (Adamas Intelligence, 2023). 

In addition to substitutions on the component and material levels, there is a potential for substitution on the sub-technology level with the high-temperature superconducting (HTS) technology. The EcoSwing H2020 project[footnoteRef:2] achieved a significant milestone in wind turbine generator technology by designing, constructing, and testing the world's first full-size superconducting generator for a wind turbine. This generator, rated at 3.6 MW, was a groundbreaking step in demonstrating the viability of the HTS technology for operational wind converters. The project managed to integrate this technology into a modern wind turbine, and it proved that the superconducting drive train could be cost-competitive with both state-of-the-art, direct-drive PM generators and conventional, geared drive trains when produced in series.  [2: https://cordis.europa.eu/project/id/656024] 


In our analysis, we assume a 50% substitution rate by 2050 in the Substitution scenario, in line with recent assumptions made in the literature in relation to REE-free PM (Wang et al., 2024) and HTS (Carrara et al., 2020).

For solar PV, substitution options are available at the material and sub-technology levels. However, most of the options are theoretically possible but not yet commercially available. On the material level, recent advancements suggest that silver-free crystalline silicon (c-Si) panels are approaching the stage of commercial availability. The silver content can be replaced entirely by Cu, through an electroplating process (Fraunhofer, 2022). The literature also mentions that the silver content can be replaced entirely by nickel-copper plating, which has the potential to lower the cell resistance and increase the efficiency (Kim & Lee, 2013; Rehman & Lee, 2014). For the amorphous silicon (a-Si) sub-technology, Ge can theoretically be replaced by a carbon nanomaterial (G, CNT) (Arvidsson & Sandén, 2017). There is currently no broadly adopted industrial application for replacing cadmium and tellurium in cadmium telluride (CdTe) solar panels that does not compromise their efficiency and cost. However, on the sub-technology level, in the thin-film solar cell market, a-Si and copper-indium-gallium-selenide (CIGS) PV cells are competing with cadmium telluride (CdTe). For CIGS, carbon nanomaterials (G, CNT) are mentioned in the literature as theoretical substitutes for indium. Otherwise, for CIGS, sub-technology level substitution is possible, with a-Si and CdTe PV cells. Finally, ongoing research is exploring a novel thin-film technology using perovskite materials as a possible alternative for 2nd generation thin films.

[bookmark: _Hlk198213227][bookmark: _Toc171362998][bookmark: _Toc171616705][bookmark: _Toc172657880][bookmark: _Toc173327304][bookmark: _Toc176448303][bookmark: _Toc176788416][bookmark: _Toc176788458][bookmark: _Toc176788575]In our analysis, we focus on substitution options that do not involve substituting one existing sub-technology for another. Therefore, we assume a 20% substitution rate by 2050 in the Substitution scenario, taking into account the 15% penetration of perovskite solar cells in the IEA’s distributed solar PV scenario for high perovskite penetration in 2040 (IEA, 2022) and given that the potential of silver-free c-Si panels is approaching the stage of commercial availability.
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Figure S1.7: Minor metal demands in ton per year for each metal and scenario in onshore wind power disaggregated per sub-technology (DD-PMSG and GB-PMSG).
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Figure S1.8: Minor metal demands in ton per year for each metal and scenario in offshore wind power disaggregated per sub-technology (DD-PMSG and GB-PMSG).
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We assess the impacts of two key factors: market shares and metal intensities through sensitivity analysis. In particular, we assess two alternative scenarios: one with reduced MS for thin-film solar and for REE-containing PM wind sub-technologies and lower MI, and another with increased shares of these sub-technologies and higher MI. Table S1.20 provides the parameter settings for the sensitivity analysis. Tables S1.21 and S1.22 show the sensitivity analysis results for thenario SI and SII respectively.

Table S1.20: Parameter settings for sensitivity analysis
	
	Market shares (MS)
	Metal intensities (MI)

	Baseline
	JRC’s Medium Demand Scenario (MDS) 
Source: Carrara et al. (2020)
See Figure S1.3
	See Figure S1.5 and Figure S1.6

	SI
	JRC’s Low Demand Scenario (LDS) 
Source: Carrara et al. (2020)
See Figure S1.9
	10% lower than the Baseline scenario

	SII
	JRC’s High Demand Scenario (HDS) 
Source: Carrara et al. (2020)
See Figure S1.10
	10% higher than the Baseline scenario




Table S1.21: Sensitivity analysis for the cumulative demands (inflows) for minor metals (in tons) for the period 2022-2050 in scenario SI. The percentage change from the original scenarios is presented in brackets.
	Technology
	Sub-technology
	Minor metal
	Baseline
	Lifespan expansion
	MI reduction
	Substitution
	Composite

	Wind
(onshore &
offshore)
	DD-PMSG & GB-PMSG
	Nd
	3254  (-43%)
	3116  (-43%)
	2946  (-37%)
	2271  (-42%)
	2007  (-36%)

	
	
	Pr
	649  (-43%)
	621  (-43%)
	587  (-37%)
	453  (-42%)
	400  (-36%)

	
	
	Dy
	488  (-43%)
	467  (-43%)
	375  (-37%)
	341  (-42%)
	260  (-36%)

	
	
	Tb
	108  (-42%)
	104  (-43%)
	83  (-36%)
	74  (-42%)
	58  (-35%)

	Solar PV (distributed & centralized)
	c-Si
	Ag
	844  (-2%)
	811  (-1%)
	197  (6%)
	826  (9%)
	179  (7%)

	
	a-Si
	Ge
	13  (-87%)
	12  (-87%)
	7  (-77%)
	13  (-85%)
	7  (-75%)

	
	CdTe
	Cd
	10  (-87%)
	10  (-87%)
	7  (-80%)
	10  (-85%)
	6  (-79%)

	
	
	Te
	4  (-71%)
	4  (-71%)
	3  (-58%)
	2  (-82%)
	3  (-53%)

	
	CIGS
	In
	2  (-90%)
	2  (-90%)
	1  (-88%)
	2  (-88%)
	1  (-87%)

	
	
	Ga
	1  (-89%)
	1  (-89%)
	0  (-89%)
	1  (-88%)
	0  (-86%)

	
	
	Se
	5  (-90%)
	5  (-90%)
	2  (-88%)
	5  (-88%)
	2  (-87%)









[bookmark: _Toc208849808]Table S1.22: Sensitivity analysis for the cumulative demands (inflows) for minor metals (in
[bookmark: _Toc208849809]tons) for the period 2022-2050 in scenario SII. The percentage change from the original scenarios is presented in brackets.
	Technology
	Sub-technology
	Minor metal
	Baseline
	Lifespan expansion
	MI reduction
	Substitution
	Composite

	Wind
(onshore &
offshore)
	DD-PMSG & GB-PMSG
	Nd
	9026  (58%)
	8661  (58%)
	6655  (43%)
	5346  (36%)
	4496  (43%)

	
	
	Pr
	1803  (58%)
	1730  (58%)
	1329  (43%)
	1069  (36%)
	898  (43%)

	
	
	Dy
	1355  (58%)
	1300  (58%)
	844  (43%)
	804  (36%)
	581  (43%)

	
	
	Tb
	295  (57%)
	283  (56%)
	184  (42%)
	173  (34%)
	127  (42%)

	Solar PV (distributed & centralized)
	c-Si
	Ag
	816  (-5%)
	780  (-5%)
	168  (-9%)
	657  (-13%)
	153  (-9%)

	
	a-Si
	Ge
	239  (139%)
	232  (142%)
	67  (109%)
	188  (116%)
	58  (108%)

	
	CdTe
	Cd
	186  (141%)
	181  (141%)
	71  (110%)
	147  (115%)
	62  (105%)

	
	
	Te
	38  (215%)
	37  (204%)
	18  (151%)
	30  (173%)
	15  (155%)

	
	CIGS
	In
	48  (141%)
	47  (148%)
	22  (116%)
	38  (122%)
	18  (131%)

	
	
	Ga
	18  (160%)
	18  (153%)
	6  (86%)
	14  (137%)
	5  (140%)

	
	
	Se
	111  (142%)
	108  (147%)
	45  (124%)
	87  (123%)
	38  (126%)
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Figure S1.9: Market shares for the DD-PMSG and GB-PMSG sub-technologies (PM-containing drivetrains) over time for the period of 2018–2050 for a. onshore wind turbines and b. offshore wind turbines in JRC’s Low Demand Scenario (LDS). Note: The category of ‘Other’ technologies includes Direct Drive Electrically Excited Synchronous Generator (DD-EESG), Gearbox Double-Fed Induction Generator (GB-DFIG), Gearbox Squirrel Cage Induction Generator (GB-SCIG), and Direct Drive High-Temperature Superconductors (DD-HTS).

[image: ]
Figure S1.10: Market shares for the DD-PMSG and GB-PMSG sub-technologies (PM-containing drivetrains) over time for the period of 2018–2050 for a. onshore wind turbines and b. offshore wind turbines in JRC’s High Demand Scenario (HDS). Note: The category of ‘Other’ technologies includes Direct Drive Electrically Excited Synchronous Generator (DD-EESG), Gearbox Double-Fed Induction Generator (GB-DFIG), Gearbox Squirrel Cage Induction Generator (GB-SCIG), and Direct Drive High-Temperature Superconductors (DD-HTS).
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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	0	0	3	2.9999990625001467	2.9999700001499994	2.9997721961495372	2.9990401535836173	2.997071742545927	2.9927188501799029	2.9842847433632831	2.9694367509006678	110.94514919472412	113.2076659534343	143.15167045580841	143.06732602044085	142.9363189136036	142.72745279685807	190.39228793149206	189.8611516899521	189.03934661477331	187.80330895048792	185.99794425625538	183.43655668048632	179.90496315676137	175.17188267786693	190.16042383267632	
Cumulative installed capacity [MW]




off-grid	


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	1.82	2.0300000000000002	2.2600000000000002	2.46	2.6799999999999997	2.88	3.1399999999999997	3.39	3.67	3.9800000000000004	4.3000000000000007	4.57	4.83	4.9700000000000006	5.3400000000000007	5.7799999999999994	6.3800000000000008	7.3500000000000014	8.1899999999999977	9.1500000000000057	10.439999999999998	12.28000000000003	14.900000000000034	15.819999999999936	17.199999999999818	18.8900000000001	grid-connected distributed	


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	0.03	0.09	0.11	0.12	0.12	0.15	0.16	0.19	0.19	0.25	0.56000000000000005	1.68	3.08	3.54	5.12	8.4700000000000006	14.92	32.14	63.81	109.19	165.17	244.18	390.15	655.86	1007.82	1453.33	grid-connected centralised	


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	0	0	0	0	0	0	0	0	0	0	0	0	0	0.06	0.25	0.28000000000000003	0.89	1.37	2.95	4.3	7.12	11.64	20.09	35.07	81.58	133.84	
Cumulative installed capacity [MW]




Offshore wind - Baseline	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	6.8298305706690027E-7	1.0927682639749116E-5	5.5319798919651656E-5	1.7481923195074699E-4	4.2668229458483656E-4	8.8420648153265556E-4	1.6360821451927631E-3	2.7850053645398702E-3	4.4450541281093672E-3	6.7371725923534072E-3	9.7819778581257188E-3	1.3689055127670985E-2	1.8542023350890575E-2	2.4379046265606476E-2	3.1169260529418433E-2	3.8786900445636346E-2	4.6986734918578132E-2	5.5386619635176264E-2	6.3465012436560761E-2	7.058230736826869E-2	7.603356964956709E-2	7.9135429393619311E-2	7.9340897824549506E-2	7.6363692008359602E-2	7.0281700927673732E-2	6.1583246498775182E-2	5.1126080768154995E-2	4.0000797877797208E-2	2.9323496380398821E-2	2.0014380639652978E-2	1.2632374213671249E-2	7.3190527018022694E-3	3.8621617932820007E-3	1.840571139631408E-3	7.8508816700718453E-4	2.9687607300750418E-4	9.8517649883298481E-5	2.8383347488539102E-5	7.0191347847906149E-6	1.4721704483536511E-6	2.5857656159852544E-7	3.7530982475035302E-8	4.4389272907106336E-9	4.2156904053967728E-10	3.1656876715400384E-11	1.84955045628159E-12	8.2666634962923711E-14	2.777139477537454E-15	6.8844485424172426E-17	1.2353831320825921E-18	1.5729017576188507E-20	1.3916105722780004E-22	8.3720960411698236E-25	3.3486025984977955E-27	8.6984103460935099E-30	1.4322253390760427E-32	1.4575841174673874E-35	8.9322863063641235E-39	3.208097343889371E-42	6.5663448278623479E-46	Onshore wind - Baseline	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	1.0391332579285289E-6	1.6626025011224818E-5	8.4165560757986857E-5	2.6596156280580738E-4	6.4903676187918471E-4	1.3445423638335763E-3	2.4862599213015877E-3	4.2274035653925169E-3	6.7345988057556181E-3	1.0177603707091587E-2	1.4713159285877816E-2	2.0461489443958113E-2	2.7474676380929826E-2	3.5697727198561284E-2	4.492589240250542E-2	5.476573328440508E-2	6.4612059797828317E-2	7.3656783872366072E-2	8.0946491226580361E-2	8.5499930203726371E-2	8.6482011053419225E-2	8.3407597092909264E-2	7.632227689734282E-2	6.5890968423621923E-2	5.3334191761756258E-2	4.0195334725249714E-2	2.7991291311837498E-2	1.7862008587631747E-2	1.0350666418179473E-2	5.3937060755642171E-3	2.5009705586749257E-3	1.020271534519892E-3	3.6178063139524796E-4	1.1007206310043693E-4	2.8341629443444346E-5	6.0859170246084064E-6	1.0730804441966482E-6	1.5282660987443624E-7	1.7277273442559151E-8	1.5222762047967599E-9	1.0253197171621068E-10	5.1729825399409622E-12	1.9136347963158399E-13	5.0754631972521088E-15	9.4272349709368664E-17	1.1964625412096291E-18	1.0112165468548576E-20	5.5404255203114975E-23	1.9134114930129983E-25	4.0451115089439672E-28	5.0777055352058049E-31	3.6663526301313083E-34	1.4733012388468498E-37	3.1837263320568288E-41	3.5701597614102584E-45	2.0020831515139284E-49	5.4032748445771268E-54	6.7443927109457745E-59	3.7363838533265164E-64	8.8037125137668551E-70	Solar PV - Baseline	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	3.9736647828819539E-7	6.3578479889374634E-6	3.2186065715624504E-5	1.0171754834808541E-4	2.4829239658278896E-4	5.1466884117870918E-4	9.5280347284196188E-4	1.6233801389799348E-3	2.5949155839896927E-3	3.942210226733558E-3	5.7438535309533422E-3	8.0784465385881059E-3	1.1019187204796587E-2	1.46265031130586E-2	1.8938544961269725E-2	2.3959612189434595E-2	2.9647006158154316E-2	3.5897416130333766E-2	4.2534718512464535E-2	4.9301919895202745E-2	5.5860709080751574E-2	6.1802397408799919E-2	6.6673523718576821E-2	7.00176809555801E-2	7.14319558671207E-2	7.063194104164891E-2	6.7514402164020007E-2	6.2202908746002997E-2	5.5061077943608372E-2	4.6662310548114622E-2	3.7714481703686485E-2	2.895116948166666E-2	2.1013389622576744E-2	1.4351972972242406E-2	9.1765737889175393E-3	5.4628879848953159E-3	3.0102613774899054E-3	1.5259431852461031E-3	7.0693261242743999E-4	2.9724462971106444E-4	1.1260849914344912E-4	3.8142093996775392E-5	1.1457652576402155E-5	3.0265563040104137E-6	6.9676598740876573E-7	1.3849951895603958E-7	2.3538666755964851E-8	3.3856652103472921E-9	4.0775021183758387E-10	4.0662223316749915E-11	3.3188585118818014E-12	2.1904444162392427E-13	1.1543939335941703E-14	4.7947917780698503E-16	1.5483679262029277E-17	3.8329855090447601E-19	7.1680288437430934E-21	9.9740106196315632E-23	1.0165255827664933E-24	7.4657758818434271E-27	Offshore wind - Longer design lifespan	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	9.5198427413369724E-8	1.523173939590298E-6	7.711037090995949E-6	2.4370322737835326E-5	5.949547823833916E-5	1.2335889931931217E-4	2.2849829741589486E-4	3.8968956588330043E-4	6.2389507044206078E-4	9.5017346849657575E-4	1.3895328544450325E-3	1.9647043972058111E-3	2.6998089513265025E-3	3.6198848010979591E-3	4.750241348371949E-3	6.1156020279282469E-3	7.7390011506394676E-3	9.6404051374975094E-3	1.1835040364370842E-2	1.4331429368990496E-2	1.712916617517907E-2	2.0216501223014705E-2	2.3567857160762845E-2	2.7141457226183306E-2	3.0877314365956487E-2	3.46958946309592E-2	3.8497821931465719E-2	4.2165018200247074E-2	4.5563655518947296E-2	4.8549215916184836E-2	5.0973794169793127E-2	5.2695530999050791E-2	5.3589735168549348E-2	5.3560871021661967E-2	5.2554205881634654E-2	5.0565607043542814E-2	4.7647843786409669E-2	4.3911876388631026E-2	3.9522062642728714E-2	3.4684984497225534E-2	2.9632611079366229E-2	2.4601596940273918E-2	1.9811424681897456E-2	1.5444582952601215E-2	1.1631830088644914E-2	8.4447767246398527E-3	5.896661877775683E-3	3.9506077379007137E-3	2.5332272339501907E-3	1.5506017463784545E-3	9.0355619594264277E-4	4.9980484434699766E-4	2.6166498662914822E-4	1.292549151819142E-4	6.0049217227269152E-5	2.6150149980642504E-5	1.0637499995401822E-5	4.0275310279310459E-6	1.4140018594843703E-6	4.5855579638475931E-7	Onshore wind - Longer design lifespan	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	2.0576130840488407E-7	3.2921767345792199E-6	1.6666500000833322E-5	5.2672677450280938E-5	1.2858428593694505E-4	2.665813469852101E-4	4.936913440108247E-4	8.4166262532914184E-4	1.3467234825809559E-3	2.04916302387471E-3	2.9926514323519878E-3	4.2231989346142801E-3	5.7876374328461478E-3	7.731500260830089E-3	1.0096179525795241E-2	1.2915264370129085E-2	1.6210016118658705E-2	1.9984027204375521E-2	2.4217248363646578E-2	2.8859757033800903E-2	3.3825874723858403E-2	3.8989503744093296E-2	4.4181805519991672E-2	4.9192521233621528E-2	5.3776254876207061E-2	5.7664799159509082E-2	6.058599417403629E-2	6.2288618910991217E-2	6.2571468364924221E-2	6.1313240195240343E-2	5.8498478122892619E-2	5.4234057120079879E-2	4.875103992305832E-2	4.238853168780634E-2	3.5559398525310308E-2	2.8701863096986146E-2	2.2224986006908466E-2	1.645853882349466E-2	1.161761949411912E-2	7.7891545981987453E-3	4.9418989135947659E-3	2.9554317729418855E-3	1.6591021478780314E-3	8.7047950325570074E-4	4.249032607155522E-4	1.9203631875069373E-4	7.9956747901702448E-5	3.050850831074949E-5	1.0609469070665078E-5	3.3433432495667056E-6	9.4903850489703061E-7	2.4115388446948375E-7	5.4499603440377539E-8	1.0880509042489354E-8	1.9055266550911613E-9	2.9062093476612001E-10	3.8309089484696159E-11	4.33047648149269E-12	4.1639075296155285E-13	3.3771108130917734E-14	Solar PV - Longer design lifespan	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	4.8828124523162877E-8	7.812497558594136E-7	3.9550687394253552E-6	1.2499875000625004E-5	3.0516646816636107E-5	6.3276444762529332E-5	1.1721708760473968E-4	1.9993601023890779E-4	3.2017664489394232E-4	4.8780464559666857E-4	7.1376910475946462E-4	1.0100426119357181E-3	1.3895326151285583E-3	1.8659551220873026E-3	2.4536604082605897E-3	3.1673992009607138E-3	4.0220169515805841E-3	5.0320635069231803E-3	6.2113060212620535E-3	7.5721346443464402E-3	9.1248537588444357E-3	1.0876856736366496E-2	1.2831689743052521E-2	1.4988020403281685E-2	1.7338540333878862E-2	1.9868846656846136E-2	2.2556366177009991E-2	2.5369406042893828E-2	2.8266434802075115E-2	3.1195715447823777E-2	3.4095424147170934E-2	3.6894390925216188E-2	3.9513587276672597E-2	4.1868456146748521E-2	4.3872128452026746E-2	4.5439495630527266E-2	4.6492010998328615E-2	4.6962979553067309E-2	4.6802976999726464E-2	4.5984930146430313E-2	4.4508312735568628E-2	4.2401885537789702E-2	3.9724457559867393E-2	3.6563279942293775E-2	3.3029906519353336E-2	2.9253649037129334E-2	2.5373085689351475E-2	2.1526397322739674E-2	1.7841545592917278E-2	1.4427413759243946E-2	1.1366963787551188E-2	8.7132146205893667E-3	6.4884470185757144E-3	4.6865592114861288E-3	3.2780285411635685E-3	2.2165738297064211E-3	1.4464351297051204E-3	9.0922190065148079E-4	5.4950527203050743E-4	3.1867744553666454E-4	Lifespan (years)

Annual share of installed capacity reaching EoL (%)



Min	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Ag	 Cd	 Te	 Ge	 In	 Ga	 Se	cSi	CdTe	a-Si	CIGS	4.0999999999999996	4	1	35	20	10	35	20	11	14.8	22	10	10	8	5	3	2	1	22	17	9	Max	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Ag	 Cd	 Te	 Ge	 In	 Ga	 Se	cSi	CdTe	a-Si	CIGS	80	11	5	244	60	35	97.5	70	40	73	35	20	31	17	10	19	4.5	2.5	61	40	20	Average	
Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Base year	2030	2050	Ag	 Cd	 Te	 Ge	 In	 Ga	 Se	cSi	CdTe	a-Si	CIGS	36.671250000000001	7.75	2.25	88.025000000000006	33.6	17.2	68.487499999999997	36.200000000000003	20	45.266666666666673	29	14.75	18	11	6.8	6.7857142857142856	2.9	1.6	41.5	23.8	13.2	
Material  intensities (kg/MW)



Min	Base year	2050	Base year	2050	Current	2050	Base year	2050	Base year	2050	Base year	2050	Base year	2050	Base year	2050	Nd	Pr	Dy	Tb	Nd	Pr	Dy	Tb	LRRE	HRRE	LRRE	HRRE	DD-PMSG	GB-PMSG	150.80000000000001	13	19.5	1.3	27.84	3.2	4.8	1	Max	Base year	2050	Base year	2050	Current	2050	Base year	2050	Base year	2050	Base year	2050	Base year	2050	Base year	2050	Nd	Pr	Dy	Tb	Nd	Pr	Dy	Tb	LRRE	HRRE	LRRE	HRRE	DD-PMSG	GB-PMSG	198	48	29.25	8	43.2	8.9600000000000009	5.3999999999999995	1.6	Average	
Base year	2050	Base year	2050	Current	2050	Base year	2050	Base year	2050	Base year	2050	Base year	2050	Base year	2050	Nd	Pr	Dy	Tb	Nd	Pr	Dy	Tb	LRRE	HRRE	LRRE	HRRE	DD-PMSG	GB-PMSG	176.56	123.592	35.318750000000001	24.723125	26.55	13.275	5.7	2.85	34.480000000000004	24.136000000000003	6.7533333333333339	4.7273333333333332	5.0799999999999992	2.5399999999999996	1.3	0.65	
Material  intensities (kg/MW)
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