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ABSTRACT: 

Building from recent work projecting future end-of-life solar PV and wind turbine waste in Canada, this study 
investigates alternative pathways for renewable energy sub-technology adoption in Canada and the associated 
changes in material and mineral demand for a renewable energy (low carbon) transition. In doing so, it estimates 
the amount of critical and strategic minerals (CSMs), including rare earth elements (REEs) present in projected 
solar and wind installation for Canada, and the future material waste streams that these embody, to evaluate 
potential material quantities that can be recovered based on current and future end-of-life recycling rates. 

Our analysis shows that current low end-of-life recycling rates (EoL-RR) for CSMs and REEs in solar PV modules 
and wind turbines, respectively cause a decrease in the recyclability index in the scenarios that see more significant 
thin-film solar PV and direct-drive wind turbine adoption. We find that while current research in the recycling of 
CSMs and REEs from end-of-life technologies shows high levels of recovery, these technologies are relatively new 
and require investments into R&D and policy support for broader adoption. We also find that Canada’s unqiue 
geography makes the collection and transport of end-of-life solar PV modules and wind turbines challenging and 
there is a need for strategic investments to establish cost-effective and sustainable collection channels. Finally, 
we show that secondary material supply can only meet a fraction of future CSM and REE demand even under 
optimistic assumptions on EoL-RRs suggesting that continued primary material extraction will be required in the 
near to medium term to meet rising metal and mineral demand of a low carbon energy transition. 

Keywords: circular economy, primary resource producing economies, critical and strategic metals and minerals, end-of-life 
collection and recycling, renewable energy sector, secondary material supply 



 HOSSAINI & MCCARNEY  
[DRAFT: AUGUST 2024] 

DRAFT PAPER: NOT FOR DISSEMINATION WITHOUT EXPRESS CONSENT OF THE AUTHORS.            
© AUGUST 2024 

1 

1. INTRODUCTION 

Solar photo-voltaic (PV) module and wind turbine deployments have been rapidly increasing worldwide 
(IEA, 2020). The past decade has seen an accelerated deployment of these technologies not only 
because of their importance to climate policy goals but also due to their rapidly falling costs 
(BloombergNEF, 2020). For countries to meet the objectives of the Paris Agreement to limit global 
temperature rise to 2 °C by 2050, current fossil-based energy technology stock must quickly transition to 
low carbon and renewable energy sources to meet rising energy demands and reduce related greenhouse 
gas (GHG) emissions. Wind and solar energy technologies are accordingly expected to play an essential 
part in reducing the GHG footprint of the global energy profile, especially in regions with limited potential 
for hydroelectricity or other low carbon energy sources. 

While these renewable and next-generation clean energy technologies are essential to net-zero 
ambitions, they are not without environmental footprints. They require more materials per unit of energy 
generation compared to fossil-fuel-based energy technologies (Watari et al., 2019). They also produce 
large waste streams, which need to be managed once these technologies reach their end-of-life.  

Currently, there is limited policy attention towards incentiving material recovery or reducing waste 
generated by the decommissioning of end-of-life solar PV modules and wind turbines. While the iron and 
steel used in wind turbines may get recycled, and voluntary programs in North America collect a small 
stream of thin-film solar PV modules for US-based recycling (Matthews, 2020), the rest of the 
decommissioned materials from end-of-life solar PV modules and wind turbines are directed to landfills 
(Martin, 2020) (Shellenberger, 2018) or are being stored pending future recycling options (Smart 
Prosperity Institute, 2021).  

This represents a significant lost opportunity to recover valuable materials and enable circularity by 
recycling critical and strategic minerals and metals (CSM) from end-of-life solar PV modules and wind 
turbines. To illustrate, high-value recycling1 has the potential to act as a domestic source of critical 
materials – with a recent Chinese case study projecting that end-of-life indium recovery from thin-film 
copper indium gallium selenide (CIGS) PVs and from flat screen devices has the potential to meet up to 
24% of domestic Chinese indium demand (Gaustad, Krystofik, Bustamante, & Badami, 2018). Such high 
secondary supply rates for metals and minerals can be expected in regions with similar technological 
outlooks. 

Additionally, several landfills are already operating at or near capacity (Smart Prosperity Institute, 
2021) (Singh & Wesley, 2020), with a few already turning away proposals to dispose of end-of-life wind 
turbine blades (Smart Prosperity Institute, 2021). Moreover, this waste is only a fraction of what is 
expected to follow in the coming decades as more and more solar PV modules and wind turbines come 
to their end-of-life (Weckend et al., 2016). Therefore, in the transition to a low carbon economy, it will be 
essential to manage the flow of materials in renewable energy technologies sustainably and in an 
environmentally sound manner. Circular policies will likely be needed to close and extend the related 
material loops so different components of these technologies are re-used, remanufactured, or recycled, 
end-of-use material scrap is recycled to the greatest extent possible to maximize retained value and 
minimize material loss, and any residual waste is disposed of safely.  

Currently, the clean energy conversation is lacking dialogue on the potential supply gaps that may 
emerge due to the projected exponential growth in demand for CSMs including rare earth elements 
(REEs) used in renewable energy technologies. There are concerns around the limited stock of CSMs 
and REEs used in renewable energy technologies, given the projected exponential increase in demand 
as these technologies are adopted around the world (Hund, La Porta, Fabregas, Laing, & Drexhage, 
2020). Global production of certain minerals will need to grow twelvefold to 2050, relative to today’s 

 
1 High-value recycling here refers to the process of recovering near maximum amounts of constituent materials that 
have value from end-of-life products 
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output, to support the renewable energy technologies required to achieve the Paris Agreement’s goals 
(Exter, Bosch, Schipper, Sprecher, & Kleijn, 2018). Several critical metals and minerals occur in low 
concentrations within the earth’s crust (Redlinger et al., 2015); decades may be involved in scaling 
production rates, and geopolitical risk accompanies certain supplies (Umbach, 2018). The growth in 
demand for other advanced technology applications will further compete for these limited supplies.  

On the other end of the sustainability spectrum, Circular Economy (CE) conversations have given little 
attention to the end-of-life material recoverability of metals and minerals, the socio-economic impacts of 
expanding high-value recovery, and the associated lifetimes of different stocks encompassing these 
metals and minerals. Notably, while recycling and re-use of minerals is expected to grow in the coming 
decades, research indicates that such practices will only mitigate increases in mineral demand to some 
extent. To meet the remaining demand, primary material extraction by the metals and mining sector will 
continue to be required (Hund, La Porta, Fabregas, Laing, & Drexhage, 2020).  

There is an array of barriers that limit the potential of secondary CSM and REE material supply to 
satisfy primary material demand. Notably, the end-of-life recycling rates (EoL-RRs) for several CSMs and 
REEs are extremely low (UNEP, 2011). While current research in the recycling of CSMs and REEs shows 
high levels of recovery, these technologies are relatively new and require investments into R&D and policy 
support for broader adoption (Domínguez & Geyer, 2019). Moreover, there are issues with stock lock-in 
as the solar PV modules and wind turbines that encompass CSMs and REEs have a typical characteristic 
lifetime of 30 years (IRENA, 2021) and 20 years (Ziegler, Gonzalez, Rubert, Smolka, & Melero, 2018), 
respectively.  

This paper accordingly attempts to move in the direction of bridging dialogue between the clean energy 
and CE transitions. Thinking about issues such as rate of technology adoption, end-of-life recycling rates 
and stock lifetimes allows for insight into how CSMs and REEs tie into the broader decarbonization and 
CE discussions. To this end, we employ a waste projection model that forecasts future end-of-life solar 
PV module and wind turbine waste. The waste projection model builds on previous studies that have 
developed solar PV waste models to forecast future end-of-life waste streams for the USA (Domínguez 
& Geyer, 2019), Spain (Santos & Alonso-García, 2018), Mexico (Domínguez & Geyer, 2017), and Italy 
(Paiano, 2015). The major differences between these past analyses from this study are: (1) This study 
projects solar PV and wind turbine end-of-life waste streams, whereas previous models only focus on 
solar PV waste; (2) This study accounts for critical and strategic metals (CSM) such as indium, gallium, 
and tellurium as well as rare earth elements (REE) such as neodymium, dysprosium, and praseodymium; 
(3) This study maps out future CSM and REE demand that can be satisfied by secondary materials based 
on current and future end-of-life recycling rates. 

We choose Canada as a case study for the analysis because: (a) currently, there is an absence of 
Canada specific projections for future end-of-life solar PV module and wind turbine waste, and (b) due to 
recent developments in the global metal and mineral supply chain and its subsequent implications for the 
Canadian mining sector. 

This study, first, projects future end-of-life solar PV and wind turbine waste in Canada. Second, 
isolating for flows (defined as the stock of solar PV and wind installed after 2020) – we show the change 
in material and mineral demand based on different market share composition(s) for solar PV modules 
and wind turbine sub-technologies. Finally, we estimate the amount of critical and strategic minerals and 
metals present in these waste streams and evaluate the quantities that can be recovered based on current 
and future end-of-life recycling rates and map these against their future demand. 

We adopt an explorative and strategic scenario approach to investigate a range of possible outcomes. 
The reference scenario projects future end-of-life solar PV and wind turbine waste and the associated 
CSM and REE demand based on the current market share of solar PV and wind sub-technologies. This 
scenario serves as the basis for comparison with the moderate stock turnover and ambitious stock 
turnover scenarios – that model flows with varying levels of sub-technology stock turnover. 

The remainder of the paper is structured as follows. Section 2 provides an overview of relevant 
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background information pertaining to the analysis conducted for this study. Section 3 illustrates the 
methods utilised and Section 4 summarizes modelling results. Finally, Section 5 provides a summary and 
conclusion. 

 

2. BACKGROUND & RELEVANT INFORMATION 

The technology pathways that emerge to decarbonize the energy sector will shape the minerals that 
will experience the most significant demand increases. Demand for individual minerals will change 
depending on the choice of technology and sub-technology deployed, and possible material substitution 
as well as expected technological improvements (World Bank Group, 2017). Moreover, each mineral 
carries a unique demand risk depending on whether its demand is cross-cutting (across a range of zero 
and low-carbon technologies) or concentrated (needed in on specific (sub)-technology) (Hund, La Porta, 
Fabregas, Laing, & Drexhage, 2020).  

For solar PV, currently, second-generation thin-film PV technologies cadmium telluride (CdTe) and 
copper indium gallium (di) selenide (CIGS) comprise less than 10% of the PV market share (Chowdhury 
et al., 2020). However, their production has increased in recent years, and their strong light absorption 
characteristics and low manufacturing costs (U.S. DOE, Cadmium Telluride, 2013) (U.S. DOE, Copper 
Indium Gallium Diselenide, 2013), faster energy payback times, and low carbon and water footprints (First 
Solar, 2020) may increase their contribution to the overall solar PV module growth in the coming decades.  

Similarly, with wind turbines, gearbox-operated wind turbines currently dominate sub-technology 
market share (Worldwind Technology, 2013). However, over the past few years, wind turbines have been 
growing larger, and the use of gearboxes has led to more frequent failures (particularly in the early life) 
due to the larger number of moving parts (World Bank Group, 2017). Direct drive wind turbines that use 
REE in permanent magnet applications have emerged as the alternative drivetrain technology. Their 
market share is expected to grow in the coming decades – especially as more offshore wind turbines are 
installed (Worldwind Technology, 2013). Offshore wind farms are gaining popularity in developed 
countries (Zheng, Li, Pan, Liu, & Xia, 2016) due to their potential to generate higher and more consistent 
wind speeds (Kaldellis & Kapsali, 2013) and better political acceptability (Zheng, Li, Pan, Liu, & Xia, 2016). 
The Levelized Cost of Energy (LCOE) of offshore wind is also projected to fall below onshore wind by 
2028 (Cornwall Insight, 2019). 

These technologies require the use of CSMs and REEs such as indium, gallium, selenium, and 
tellurium for second-generation thin-film solar PVs and dysprosium, neodymium, and praseodymium for 
direct-drive wind turbines – each of which has a relatively fragile supply chain. The global production of 
these elements (production from ores) is small (Redlinger et al., 2015). The primary supply of indium, 
gallium, selenium, and tellurium comes as a by-product of other mineral production processes (Redlinger 
et al., 2015). It can be cost-prohibitive to mine any of these elements as the mineral of primary economic 
interest, especially in the absence of long-term sustained investments.  

Strategic investments into domestic adoption of solar PV and wind sub-technologies should therefore 
be made concurrently with strategic investments in high-value recycling to sustainably manage rising end-
of-life solar PV module and wind turbine waste. The current nature of the solar PV module and wind 
turbine industry highlights the urgency to establish cost-effective recycling channels for end-of-life solar 
PV modules and wind turbines. There is a need for immediate action and investment in R&D for 
establishing cost-effective recycling infrastructure as rapid technological improvements pose the risk of 
early retirement of solar PV module and wind turbine stock (Duran, Atasu, & Wassenhove, 2021).  

Sharp reductions in installation cost and improvements to energy conversion efficiency have caused 
the technical lifetime of solar PV modules and wind turbines to fall sharply below their characteristic 
lifetime. Research suggests that today's recycling industry is not equipped to face the potential sharp 
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influx of early retiring solar PV modules and wind turbines, and the fallouts could potentially alter the 
LCOE based projected cost competitiveness of solar energy (Duran, Atasu, & Wassenhove, 2021). 

Traditionally, under the CE value retention paradigm, recycling would rank lower in the hierarchy to 
reuse and remanufacturing. However, end-of-life solar PV modules and wind turbines face unique 
circumstances that make high-value recycling the more attractive CE pathway. First, with reuse, the only 
established used solar PV module and wind turbine market lies outside North America (Wambach, 
Baumann, Seitz, Mertvoy, & Reinelt, 2020). Shipping end-of-life solar PV modules and wind turbines 
poses the risk of losing control of valuable CSMs and REEs contained in end-of-life solar PV modules 
and wind turbines due to the lack of a domestic market. Moreover, it can be difficult to validate that 
exported solar PV modules and wind turbines are indeed being reused and not landfilled in developing 
countries with weak environmental protections. There are other issues such as hesitancy with original 
equipment manufacturers (OEMs) having labels on these reused products (Smart Prosperity Institute, 
2021) and the economic feasibility (or lack thereof) of comprehensive performance testing of end-of-life 
solar PV modules and wind turbines (Gentilini & Salt, 2020). 

For remanufacturing, generally, the embodied energy and lifecycle emissions associated with 
remanufactured products is lower than that of virgin products. However, this may not always be the case. 
As an illustrative example, Canadas’s geography makes collection and transport of end-of-life solar PV 
modules and wind turbines challenging and currently there is a lack of knowledge about the cost, energy, 
and emissions benefits (if any) associated with remanufacturing solar PV modules and wind turbines as 
opposed to recycling them. Moreover, as mentioned above, solar PV modules and wind turbines are 
seeing sharp improvements in efficiency along with rapidly falling production costs meaning it will be 
difficult for the remanufacturing sector to compete with OEMs for market share. There is also a great 
degree of sub-technology competition amongst solar PV modules and wind turbines which poses the risk 
that the remanufacturing sector will be producing outdated and relatively low efficiency products 
compared to OEMs. Therefore, high-value recycling appears to be an essential and comparatively more 
appealing CE pathway to manage end-of-life solar PV module and wind turbine waste, at least in the short 
to medium term.  

 

3. Materials and Methods 

3.1 Solar PV and wind degradation models 

It is difficult to predict the exact time when a solar PV module or wind turbine will fail. To account for 
this uncertainty, a Weibull distribution function was used to model the temporal evolution of losses in a 
solar PV module and wind turbine. The suitability of the Weibull distribution function to model the evolution 
of losses in a PV module has been established by previous studies (Santos & Alonso-García, 2018) 
(Weckend et al., 2016). Equation (1) illustrates the probability of failure until year j for a solar PV module 
installed in year i. 

 

𝑈𝑈𝑖𝑖(𝑗𝑗)  =  1 −  𝑒𝑒−�
𝑗𝑗
𝑇𝑇�

𝛼𝛼

                                                                                                                      (1) 
 
In equation (1), the parameter α is a shape parameter influencing the behaviour of the probability 

density function. The second parameter T is a scale parameter and is used to represent the characteristic 
lifetime of the average solar PV module. The scale parameter gives the time at which 63.2% of the 
installed solar PV power will fail. The value of the shape parameter α that determines the probability of 
losses during a PV panel life cycle has been previously empirically established (Kuitche, Pan, & 
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TamizhMani, 2014)(Santos & Alonso-García, 2018) (Weckend et al., 2016). Like past studies, we employ 
two distinct α values – 5.3759 and 2.4928 to model a regular loss and an early loss scenario, respectively. 
The early loss scenario assumes certain initial losses and early losses in the life cycle of the average 
solar PV module, thereby leading to greater cumulative solar PV module waste compared to the regular-
loss scenario. 

For wind turbines, while Gamma distributions, Lognormal distributions, and the Weibull distribution are 
all commonly used methods in wind turbine reliability analysis, we use a modified Weibull distribution in 
this study (Zhu & Li, 2018). Equation (2) illustrates the probability of failure function employed to project 
the evolution of losses in wind turbines. 

 

𝑈𝑈𝑖𝑖(𝑗𝑗) =  λ �1 −  𝑒𝑒�−�
𝑗𝑗−𝑗𝑗0
𝑇𝑇1 �

𝛼𝛼1
�� + (1 −  λ) [1 −  𝑒𝑒�−�

𝑗𝑗−𝑗𝑗0
𝑇𝑇2 �

𝛼𝛼2
�]                                                                   (2) 

 
In equation (2), 𝛼𝛼1 and 𝛼𝛼2 are shape parameters and T1 and T2 are scale parameters representing the 

characteristic lifetime(s) of a wind turbine. The typical characteristic lifetime of a wind turbine is 20 years 
(Ziegler, Gonzalez, Rubert, Smolka, & Melero, 2018); however, as wind turbines have been getting larger, 
they have been increasingly failing in their early life due to greater number of moving parts.  

Therefore, the shape of the probability density function for wind turbines has two distinct peaks with λ 
representing the mixing parameter that defines the relationship between the two peaks. The weighting 
factor λ can take the value of either 0.1, 0.2, or 0.3 – with the only change in the probability density 
function observed at the peaks (Zhu & Li, 2018). When the value of the weighting factor is set to 0.1, the 
first peak of the probability density function is smaller than the second peak and the inverse is observed 
when the weighting factor is set to 0.3. Due to the lack of empirically estimated shape parameter value(s) 
for wind turbines, the values of 𝛼𝛼1 and 𝛼𝛼2 were set to 5 to ensure that 63.2% of the installed wind power 
would fail at the characteristic wind turbines lifetime of 20 years.  

Finally, the probability of failure for the PV and wind power installed in year i between the years j and 
j+1 was calculated using equation (3). 

 
𝑃𝑃𝑖𝑖(𝑗𝑗 ≤ 𝑡𝑡 ≤ 𝑗𝑗 + 1) =  𝑈𝑈𝑖𝑖(𝑗𝑗 + 1) −  𝑈𝑈𝑖𝑖(𝑗𝑗)                                                                                        (3) 
 

3.2 Projecting end-of-life solar PV module and wind turbine waste 

The first step to projecting end-of-life solar PV module and wind turbine waste in Canada was to assess 
the projected increases in their respective installed capacities to 2050. As Canada pushes to meet its 
climate targets, installed solar PV and wind capacity is expected to continue to grow. For this study we 
use projections for installed solar PV and wind capacity to 2050 from Canada’s Energy Outlooks ‘High 
Hydro’ scenario (J. David Hughes, 2018). This scenario is based on a net 80% reduction in GHG emission 
from 2005 levels by 2050 and the scenario observes a mix of hydro and wind energy dominating Canadian 
electricity generation. Installed solar PV capacity grows from 3 GW in 2020 to 45 GW by 2050 and wind 
capacity grows from 13.7 GW in 2020 to 75 GW by 2050. 

Over the course of their natural life cycle, both solar PV modules and wind turbines are affected by 
progressive power losses. Therefore, cumulative installed solar PV and wind capacity would grow slower 
than expected and to account for this deviation, the developments of new solar PV and wind installations 
would need to be accompanied with the replacement of discarded modules in older plants (Santos & 
Alonso-García, 2018). Installed solar PV and wind projections should therefore take into account the 
annual repowering needs to 2050. 

These annual repowering needs would subsequently give the annual PV and wind power loss. The 
power losses in the Canadian solar PV and wind capacity between year j and j+1 arising due to the failure 
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of solar PV modules and wind turbines in year i is given by equation (4). 
 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖(𝑗𝑗) = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑃𝑃𝑃𝑃/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑖𝑖)  ∙

                                                                                         (𝑈𝑈𝑖𝑖(𝑗𝑗 + 1) −  𝑈𝑈𝑖𝑖(𝑗𝑗))                                             (4) 
 
The PV and wind power losses installed in year i would gradually suffer continuous power losses, 

compounding annually until reaching a maximum at their characteristic lifetimes of 30 years and 20 years, 
respectively. These estimates allow us to subsequently project cumulative annual PV and wind power 
losses using equation (5). 

 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑃𝑃/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 (𝑗𝑗) =  ∑ 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖(𝑗𝑗) 𝑗𝑗

𝑖𝑖=2000 (𝑃𝑃𝑃𝑃);2010 (𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤) 1
            (5) 

 
The calculation above is repeated in an iterative process using the annual repowering needs as input 

data to account for additional power losses from the new PV modules and wind turbines. This calculation 
is iterated until the estimated annual power loss becomes negligible. Finally, the summation of the annual 
repowering needs over the iterations provides the corrected projections of annual installed solar PV and 
wind power to 2050 (Santos & Alonso-García, 2018).  

 

3.3 Converting annual installed solar PV and wind power to mass 

To convert the corrected annual installed PV and wind power to mass, a tonnes/MW conversion factor 
was utilized. For solar PV, this was obtained by past work from IEA-PVPS/IRENA (2016) and Santos et 
al. (2018) who provide a dynamic tonnes/MW conversion factor that evolves with time to account for the 
temporal improvements in PV technology (solar panels become more efficient and less material 
intensive). Thus, the average mass-to-power ratio progressively decreases with time.  

Both the IEA-PVPS/IRENA (2016) and Santos et al. (2018) studies show that the temporal evolution 
of the mass-to-power ration can be described by means of an exponential decay function. Equation (6) 
allows us to estimate the mass-to-power ratio of a PV module installed in year i. 

 
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑡𝑡𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑖𝑖) = 𝐴𝐴 ∙  𝑒𝑒−𝑖𝑖/𝐵𝐵                                                                                                    (6) 
 
Where, A(tonnes/MW) = 1.11 x 1020, and B(year) = 48.24. The values for the fitting parameters A and 

B are extracted from International Energy Agency (2016) and are the same as those used by Santos et 
al. (2018). 

For wind turbines, there is a lack of similar empirically estimated fitting parameters. Therefore, a 
constant tonne/MW conversion factor was used based on the average mass-to-power ratio of a wind 
turbine in Canada today. For the purpose of this study, the average wind turbine in Canada was assumed 
to have a rated capacity of 2 MW – an assumption validated by expert interviewees from the Canadian 
Renewable Energy Association (Smart Prosperity Institute, 2021). Assuming a constant mass-to-power 
ratio means that future end-of-life wind turbine waste projections are slightly overestimated as they aren’t 
corrected for the dynamic nature of temporal improvements in turbine design and material savings.  

Finally, the respective mass-to-power ratios are multiplied with the corrected annual installed solar PV 
and wind power (see Equation (7)). 

 
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖) = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ∙

                                                                             𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (𝑖𝑖)                                               (7) 
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3.4 Calculating end-of-life waste volumes 

Equation (8) allows us to calculate the PV and wind mass cumulated in year j due to the failure of PV 
modules and wind turbines installed in year i. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝑃𝑃/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖(𝑗𝑗)  = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑖𝑖)  ∙  𝑈𝑈𝑖𝑖(𝑗𝑗)   (8) 
 
Finally, the total cumulative PV/wind mass in year j was obtained by adding the cumulative PV/wind 

mass corresponding to the PV module/wind turbine mass installed from year I (solar – 2000; wind – 2010) 
to i=j (Equation (9)). 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑃𝑃𝑃𝑃/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑗𝑗)  =  ∑ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖(𝑗𝑗)

𝑗𝑗
𝑖𝑖=2000 (𝑃𝑃𝑃𝑃);2010 (𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤)                     (9) 

 

3.5 Calculating material demand and end-of-life material waste composition 

Material composition of the average solar PV module and wind turbine was obtained from Watari et 
al. (2019) who calculate the material intensity by energy technology type by averaging estimates from the 
published literature (see (Watari, et al., 2019), Table 2, p.95 for the studies included). The individual 
material requirement per unit of MW energy generation for both solar PV modules and wind turbines was 
multiplied with the corrected annual installed solar PV and wind power to project annual individual material 
demand to 2050 (see equation (10)). 

 
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑥𝑥 (𝑖𝑖) = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑖𝑖)  ∙ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑥𝑥 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟/

                                                    𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠/𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔                                           (10) 
 
The individual material requirements per unit of energy generation are dynamic like the mass-to-power 

ratio as technological improvements will subsequently lead to changes in the material composition of the 
average solar PV module and wind turbine. However, for this study we assume static individual material 
per MW requirement. 

 
Finally, end-of-life recycling rates for different materials were obtained from the International Resource 

Panel (UNEP, 2011) and Domínguez & Geyer (2019). The end-of-life recycling rates from the International 
Resources Panel (UNEP, 2011) form our Low Recycling Rates Scenario and from Domínguez & Geyer, 
2019 (2019) form our High Recycling Rates Scenario. These end-of-life recycling rates are multiplied with 
the estimated end-of-life individual material quantities in PV and wind turbine waste to estimate the 
amount of secondary materials that can be obtained. 
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4. Results 

4.1 End-of-life solar PV and wind turbine waste projections 

The temporal evolution of cumulative and annual solar PV and wind turbine waste in Canada is 
illustrated in Figure 1.  

 

 
Figure 1. End-of-life solar PV and wind waste evolution in Canada. a, Cumulative solar PV waste. b, 

Annual solar PV waste. c, Cumulative wind waste. d, Annual wind waste 
 
For solar PV modules, it can be observed that in the ‘Early Loss’ scenario, cumulative solar PV waste 

mass increases faster than in the ‘Regular Loss’ Scenario. This can be attributed to the ‘Early Loss’ 
scenario accounting for certain probabilities of failure in the early life stage of solar PV modules. As an 
illustrative example, in the ‘Early Loss’ scenario, a cumulative solar PV waste mass of approximately 
100,000 tonnes is achieved in 2033. For the ‘Regular Loss’ scenario, this equivalent solar PV waste mass 
is achieved in 2039. 

In 2050, the cumulative solar PV waste mass is approximately 531,000 tonnes for the ‘Early Loss’ 
scenario and 385,000 for the ‘Regular Loss’ scenario. The ‘Early Loss’ scenario understandably presents 
a greater cumulative solar PV waste mass relative to the ‘Regular Loss scenario’ over the analyzed 
period. Early losses require larger re-powering needs relative to the ‘Regular Loss’ scenario, which 
subsequently increase the annual installed capacity of solar PV in Canada – and installed capacity is the 
key driver to estimate future waste streams. 

Figure 1 (b) illustrates annual solar PV waste mass for the ‘Regular Loss’ and ‘Early Loss’ scenarios. 
The annual solar PV waste mass’s temporal evolution is important to analyze the balance between 
incoming waste flows and recycling capacities. Understandably, annual solar PV waste mass increases 
faster in the ‘Early Loss’ scenario relative to the ‘Regular Loss’ scenario. The ‘Early Loss’ scenario sees 

a b 

c d 
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an almost linear growth in the annual solar PV waste generation rate. For the ‘Regular Loss’ scenario, 
the annual solar PV waste generation rate grows exponentially with time, reaching a maximum at around 
2040. This is followed by a progressive decrease in the annual solar PV waste generation rate. This 
scenario suggests that there could be periods of scarcity of discarded solar PV modules driven by stock 
lock-in for a national solar PV recycling industry in the future. 

Similarly, figures 1(c) and 1(d) illustrate the temporal evolution of cumulative and annual wind waste 
in Canada, respectively. Cumulative end-of-life wind waste rises to approximately 870,000 tonnes by 
2030 and 6,000,000 tonnes by 2050. Annual wind waste rises to 155,000 tonnes by 2030 and 441,000 
tonnes by 2050.  

 

4.2 Material and mineral demand across scenarios 

In the reference scenario, future flows of solar PV modules and wind turbines are assumed to follow 
the current market share distribution of their respective stock (see Table 1 for assumptions on market 
share compositions for solar PV modules and wind turbines across the three scenarios). As installed 
capacity for solar PV modules and wind turbines in Canada increases, the material demand for these 
technologies also increases. Annual material demand for solar PV modules increases from 14,000 tonnes 
today to 40,000 tonnes by 2030 and 164,000 tonnes by 2050.  

 
Table 1. Scenarios Analyzed 

Scenario Market Share 
Solar PV modules Wind turbines 

Reference Scenario 92% first-generation c-Si + 
8% second-generation thin-film 

100% onshore gearbox 
drive 

Moderate Stock Turnover 
Scenario 

50% first-generation c-Si + 
50% second-generation thin-

film 

50% onshore gearbox drive 
+ 50% offshore direct-drive 

Ambitious Stock Turnover 
Scenario 

20% first-generation c-Si + 
80% second-generation thin-

film 

20% onshore gearbox drive 
+ 80% offshore direct-drive 

 
Similarly, for wind turbines, annual material demand increases from 150,000 tonnes today to 225,000 

tonnes by 2030 and 960,000 tonnes by 2050. It is important to note that while the material requirement 
per unit of energy production (tonne/MW) is almost homogenous amongst the three solar PV module sub-
technologies, offshore wind turbines have a greater total material requirement per unit of energy 
production compared to onshore wind turbines. Therefore, the moderate and ambitious stock turnover 
scenarios see a greater annual material requirement for wind turbines compared to the reference 
scenario. Figure 2 illustrates the temporal evolution of annual individual material demand for solar PV and 
wind technologies. 
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Figure 2.Annual material demand evolution (reference scenario). a, solar PV modules. b, wind turbines 

 
The moderate stock turnover scenario and ambitious stock turnover scenarios see significant changes 

to individual material demands, particularly CSMs and REEs. Figure 3 (a) illustrates the relative difference 
in material demand as sub-technology market share moves away from first-generation solar PV modules 
to second-generation thin-film modules and from onshore wind turbines to offshore direct-drive wind 
turbines.  

 

 
Figure 3. a, % Change in material demand relative to the reference scenario. b, annual demand for dysprosium and neodymium 

 
Figure 3 indicates that the demand for CSMs such as gallium, indium, selenium, cadmium, and 

b 

a 

 

a 

b 
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tellurium and REEs such as praseodymium and terbium grow rapidly in the moderate and ambitious stock 
turnover scenarios. It should also be highlighted that the annual demand for dysprosium and neodymium 
– two REEs that have no demand from onshore gearbox drive wind turbines grows exponentially in the 
moderate and ambitious stock turnover scenarios. Figure 3 (b) illustrates this trend.  

 

4.3 Material recovery and circularity  

As the demand for CSMs and REEs increases over the coming decades, it will be essential to ensure 
that material flow in renewable technologies is managed efficiently and the potential for secondary 
material supply (materials recycled from end-of-life solar PV modules and wind turbines) to meet growing 
material demand is maximized. This is essential to ensure the circularity of the renewable energy sector 
assessed here via material efficiency, which is illustrated through the degree of loop closing.  

 
Figure 4 illustrates the percentage of future annual material demand that can be meet via secondary 

materials under two different recycling rate scenarios.  

 
Figure 4. % annual material demand that can be satisfied by secondary materials. a, solar PV materials. b, wind turbine materials 

 
The low recycling rate scenario utilizes historic end-of-life recycling rates (often less than 1 percent) 

for CSMs and REEs (International Resource Panel, 2011). Developments in recycling technologies will 
understandably improve recycling yields, and recent research in recycling certain metals such as silver, 
cadmium, gallium, indium, selenium shows higher potential recovery levels (up to 89-95 percent) 
(Domínguez & Geyer, 2019). The high recycling yield scenario utilizes these higher potential EoL-RR for 
CSMs and REEs and subsequently observes a greater portion of future CSM and REE demand being 
met by secondary materials, but notably well less than 100% in almost all cases, and over time.  

 

a 

b 
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Across the reference, moderate stock turnover and ambitious stock turnover scenarios, the portion of 
future CSM and REE demand that secondary materials can meet decrease regardless of the assumed 
recycling rate(s). This relation holds for CSMs such as cadmium, gallium, indium, selenium, and REEs 
such as praseodymium and terbium. This can be attributed in part to the annual demand for CSMs and 
REEs growing faster in the moderate stock turnover scenario and ambitious stock turnover scenarios 
relative to the reference scenario (see figure 5).  

 

 

 
Figure 5. Primary Demand vs Secondary Supply for select Solar PV and Wind Turbine materials (Note: Chromium values are shown in 
10’s of units and Zinc values are shown in 100’s of units to assist with scale) 

 
On the contrary, annual demand for certain metals such as chromium, zinc, niobium, silver, silicon, 

and lead can be increasingly met with secondary materials in the moderate and ambitious stock turnover 
scenarios regardless of the assumed recycling rate(s) since their demand relative to the reference 
scenario decreases as sub-technologies evolve. 

 
It is important to note that across the reference, moderate stock turnover, and ambitious stock turnover 

scenarios, the recyclability index decreases. Recyclability index here is defined as total material 
recovered from annual end-of-life solar PV module and wind turbine waste. This can be attributed to the 
solar PV module and wind turbine waste in the moderate and ambitious scenarios comprising more CSMs 
and REEs with low EoL-RR. 
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5. Discussion and Conclusions 

The sustainable supply of CSMs and REEs is vital for Canada’s transition renewable and low-carbon 
energy technologies.  However, a study by the House of Commons natural resources committee details 
how the federal government has failed to secure the supply chains for CSMs and REEs. This failure risks 
posing a roadblock for national climate targets as renewable and low-carbon technologies take up a 
growing market share and demand increasing quantities of CSMs and REEs, in addition to other major 
metal and mineral supplies.  

Figure 3 illustrates that the demand for CSMs and REEs will grow exponentially with the broader 
adoption of second-generation thin-film solar PV modules and offshore direct-drive wind turbines. 
Moreover, findings from a World Bank study indicate that it will be challenging to respond to the rapid 
increase in CSM and REE demand solely through expanding primary mineral production (Hund, La Porta, 
Fabregas, Laing, & Drexhage, 2020). Therefore, an efficient recycling system will be a key requirement 
to reduce primary mineral demand as well as to improve circularity. Figure 4 illustrates that improved 
recycling rates can help secondary materials meet up to 20 percent of future annual CSM and REE 
demand. However, the technologies that show high recovery levels for CSMs and REEs are relatively 
new and will require investments into R&D (Domínguez & Geyer, 2019) to maximize material efficiency. 
There is also a need for additional research to evaluate these new recycling processes' social, economic, 
and environmental implications (Heath et al., 2020)(Baars et al., 2021). 

The importance of Circular Economy principles in this regard cannot be understated. Policies such as 
extended producer responsibility, product design standardization and modularization, landfill bans, tax 
incentives, and broader public policy support to overcome financial, technical, regulatory, and social 
barriers will trigger improved recycling and enhance collection rates for end-of-life solar PV modules and 
wind turbines.  

It is important to note that the findings from any modeling exercise are subject to parameter values 
employed and assumptions made. Further research into overcoming both data and research gaps is 
essential to provide a more detailed and accurate depiction of future market share evolution of renewable 
sub-technologies, CSM and REE demand, and the evolution of the recycling system. However, we believe 
that while absolute values might change, the trends and orders of magnitude illustrated in this study are 
reliable to a first approximation. 

In conclusion, strategic investments into solar PV modules and wind turbine sub-technology adoption 
should be made in conjunction with investments into R&D on establishing cost-effective and adaptable 
high-value recycling infrastructure. This study and future research can contribute to the evidence base to 
develop a roadmap towards CSM and REE production and towards creating a framework to develop and 
protect CSMs and REEs. 
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