NNNNNNNNN

Evaluating the
Case for Solar
Panel Recycling
Mandates in the
United States



https://www.rand.org/pubs/research_reports/RRA5025-1.html
https://www.rand.org/

For more information on this publication, visit www.rand.org/t/RRA5025-1.

About RAND

RAND is a research organization that develops solutions to public policy challenges to help make communities throughout the world
safer and more secure, healthier and more prosperous. RAND is nonprofit, nonpartisan, and committed to the public interest. To learn
more about RAND, visit www.rand.org.

Research Integrity

Our research integrity is grounded in RAND’s core values of quality and objectivity. Rigorous quality assurance procedures,
conflict of interest screening, and transparency in funding ensure that every study is objective and nonpartisan. Learn more at
www.rand.org/integrity.

RAND?’s publications do not necessarily reflect the opinions of its research clients and sponsors.

Published by the RAND Corporation, Santa Monica, Calif.
© 2026 RAND Corporation
RAND? is a registered trademark.

Limited Print and Electronic Distribution Rights

This publication and trademark(s) contained herein are protected by law. This representation of RAND intellectual property is
provided for noncommercial use only. Unauthorized posting of this publication online is prohibited; linking directly to its webpage
on rand.org is encouraged. Permission is required from RAND to reproduce, or reuse in another form, any of its research products for
commercial purposes. For information on reprint and reuse permissions, visit www.rand.org/about/publishing/permissions.

RR-A5025-1


http://www.rand.org/t/RRA5025-1
http://www.rand.org
http://www.rand.org/integrity
http://www.rand.org/about/publishing/permissions

About This Report

Because the volume of solar photovoltaic (PV) modules reaching end-of-life (EOL) is projected to
grow rapidly, many state and federal policymakers have considered or enacted policies to increase the
recycling of PV modules (commonly referred to as solar panels), including four states that now require
the recycling of modules from utility-scale solar projects. In this report, we analyze the major
rationales for government intervention to increase PV module recycling. Specifically, we assess
whether a common policy intervention, a mandate to recycle EOL PV modules, can be justified on
environmental, national security, or economic grounds. The intended audiences for this report are
federal and state policymakers involved in the passage or design of PV recycling policy in the United
States, including legislators, their staff, and officials at executive branch agencies with relevant
jurisdiction, such as the U.S. Environmental Protection Agency and state environmental agencies.
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changing climate, society’s responses to those risks, and the processes and conditions needed for policy
implementation. By working across disciplines and geographies large and small, center researchers
endeavor to address persistent gaps in climate and energy research and analysis that have slowed the
ability to respond rapidly, effectively, and equitably to the climate challenge.

The center is a collaboration between RAND Global and Emerging Risks and RAND Education,
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climate@rand.org.
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Summary

Because the volume of solar photovoltaic (PV) modules reaching end-of-life (EOL) is projected to
grow rapidly, many state and federal policymakers have considered or enacted policies to increase the
recycling of PV modules (commonly referred to as solar panels), including four states that now require
the recycling of modules from utility-scale solar projects. In this report, we analyze the major
rationales for government intervention to increase PV module recycling. Specifically, we assess
whether a common policy intervention, a mandate to recycle EOL PV modules, can be justified on
environmental, national security, or economic grounds. The intended audiences for this report are
federal and state policymakers involved in the passage or design of PV recycling policy in the United
States, including legislators, their staff, and officials at executive branch agencies with relevant
jurisdiction, such as the U.S. Environmental Protection Agency and state environmental agencies.

Key Takeaways

e Auvailable evidence suggests that solar PV waste does not present a major environmental
problem in the United States.

e Asof2025, recycling PV modules in the United States is more expensive, on average, than
landfilling them.

e By increasing the lifetime cost of solar power, a PV recycling mandate could cause a small
reduction in solar adoption, which could lead to environmental damage in the form of
increased greenhouse gas emissions.

e Modern PV recycling can recover many critical minerals, including aluminum, copper,
tellurium, and metallurgical-grade silicon, which could reduce U.S. supply chain
vulnerabilities for those materials.

e Stockpiling critical minerals could provide similar supply chain security benefits as a PV
recycling mandate at a lower cost.

e Existing data on the PV recycling market are limited. Improved data collection on recycling
prices and other quantities could significantly reduce uncertainty about the impacts of PV
recycling policies.

e Three developments could significantly strengthen the case for a PV recycling mandate: a
decrease in PV recycling prices, an increase in critical mineral prices, or evidence of large
environmental benefits of PV recycling.
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Evaluating the Case for Solar Panel
Recycling Mandates in the United
States

The rapid adoption of clean energy products, such as solar photovoltaic (PV) modules (commonly
referred to as solar panels), has led to significant concerns about their end-of-life (EOL) management.
Numerous authors have warned about a deluge of waste from EOL solar modules that, if not recycled,
could cause significant environmental harm and overwhelm U.S. landfills (Kisela, 2022; Sharma,
Mabhajan, and Garg, 2024; Chowdhury et al., 2020). Others have claimed that landfilling solar
modules wastes a valuable opportunity to recover critical minerals through recycling, which could
benefit national security and the U.S. economy (Tao et al., 2020; Ardente, Latunussa, and Blengini,
2019; Heath et al.,, 2020; Abdo, El-Shazly, and Medici, 2023). Governments around the world have
responded to this situation by passing policies aimed at increasing the recycling of solar PV modules
(Sharma, Pandey, and Kolhe, 2019).

There is a substantial literature on PV recycling, including studies that estimate the effects of PV
recycling (e.g., Stolz et al., 2017; and Daljit Singh et al., 2021), studies that analyze barriers to
increasing PV recycling (e.g., Komoto et al., 2025), and studies that describe alternative PV recycling
policies (e.g., Curtis, Smith, et al,, 2021). However, we are unaware of any comprehensive, rigorous
study that evaluates the common rationales for government intervention to increase solar PV
recycling.' Our study is a first step toward filling that knowledge gap. Specifically, we studied whether
the mandatory recycling of solar PV modules can be justified on environmental, national security, or
economic grounds. Our objective is to help federal and state policymakers in the United States design
policies for the EOL management of PV modules. More specifically, the intended audiences for this
report are federal and state policymakers involved in the passage or design of PV recycling policy in
the United States, including legislators, their staff, and officials at executive branch agencies with
relevant jurisdiction, such as the U.S. Environmental Protection Agency (EPA) and state
environmental agencies.

This research primarily focuses on solar PV recycling in the United States, but we drew on
evidence from other countries to inform our analysis. We first give an overview of the existing
economic and policy landscape around the EOL management of solar PV modules. We then evaluate
the major environmental, national security, and economic rationales for a PV recycling mandate.
Finally, we conclude with a list of policy recommendations.

! Many studies take as given that the policy objective is to increase solar module recycling and then assess policy options for doing
so (e.g., Curtis, Smith, et al,, 2021; and Komoto et al., 2025). The study most similar to ours is Deng et al. (2024), which
analyzes the economies-of-scale rationale for PV recycling policy. We discuss the results of this earlier study in the “Economic
Rationales” section.



Overview of the Problem

In this section, we give a brief overview of the PV recycling landscape, including the expected
amount of future PV waste, the current amount that is recycled, current recycling prices, and existing
policies regarding PV recycling. Evidence cited in this section is referenced heavily in our later analysis
of rationales for a PV recycling mandate.

Background on Solar PV Modules

A solar PV module, commonly called a solar panel, is a layered assembly of PV cells, glass, and
polymers, typically bound together in an aluminum frame. The two dominant technologies are
crystalline silicon (c-Si) modules, which make up roughly 70 percent of the U.S. market, and cadmium
telluride (CdTe) modules, which account for most of the remainder (Meagley et al., 2025). PV
modules have lifespans of between 20 and 35 years, and newer modules have longer lifespans than
older designs (U.S. Department of Energy [DOE], undated-a). When PV modules reach the end of
their operational lifespans, they can either be directly landfilled or undergo a recycling process that
recovers some of the modules’ materials. The percentage and purity of materials recovered depend on
the recycling method, as we discuss in more detail below.

Because solar PV modules have long lifespans and solar adoption in the United States has grown
rapidly in recent years, the amount of EOL solar PV module waste in the United States is fairly small
but is expected to grow rapidly in the coming decades (Ardani et al., 2021).

Amount of PV Waste

According to the DOE, PV waste is projected to reach 0.4 million tons per year in the United
States by 2040 (Ardani et al., 2021).> This is small relative to the total amount of waste landfilled in
the United States in a typical year. We estimate that even if all the PV waste in 2040 were landfilled,
this will increase the total flow of U.S. landfill waste by only 0.3 percent at most.” Furthermore,
because solar PV adoption is expected to reduce the use of fossil fuels for electricity generation, it
could reduce the amount of hazardous waste, such as coal ash, created by fossil fuel use. The findings
of one study show that this reduction in fossil fuel waste more than offsets any increased waste from
EOL PV modules, suggesting that increased adoption of solar PV modules would cause a net
reduction in overall waste generation (Mirletz et al., 2023).

Opverall, the evidence suggests that PV waste will not pose a major problem for the U.S. waste
management system, even if all PV modules were landfilled.

2 Throughout this report, ton refers to a metric ton (1,000 kg), unless otherwise noted.

3 Our estimate assumes that the flow of landfilled waste in 2040 will be greater than or equal to 146 million tons, the amount of
municipal solid waste (MSW) landfilled in the United States in 2018, This amount is likely an underestimate of total landfilled
waste because it excludes industrial waste and construction debris (see EPA, 2025¢).



Waste Classification

To dispose of PV modules in nonhazardous waste landfills, the waste generator (e.g., the owner of
a utility-scale solar farm) must first determine that the modules are nonhazardous (EPA, 2025d).
This determination is typically done using the Toxicity Characteristic Leaching Procedure (TCLP), a
test during which modules are crushed and exposed to acidic conditions to determine their risk for
causing significant environmental contamination (Sinha et al., 2020; Warren, 2025). If modules fail
the TCLP, they can be landfilled only in hazardous waste facilities, which have extensive systems in
place to prevent environmental contamination.

While we have not found an estimate of the ratio of EOL PV modules that are landfilled in
nonhazardous versus hazardous waste landfills, multiple studies suggest that the vast majority of
modules pass the TCLP. Such findings suggest that, if tested, PV modules could be landfilled in
nonhazardous facilities (Warren, 2025; Li et al., 2025). Also, older module designs are more likely to
fail the TCLP than more-recent module designs (Li et al., 2025), which suggests that, over time, the
percentage of modules that fail the TCLP will decrease.

Estimating a Recycling Rate

While news reports and anecdotal evidence suggest that most EOL solar modules are landfilled
rather than recycled, there is no comprehensive data source to pin down the exact PV recycling rate in
the United States (Curtis, Buchanan, et al., 2021; Hurdle, 2023; Warren, 2025). Curtis, Buchanan, et
al. (2021) suggests that the recycling rate is less than 10 percent based on anecdotal data, while
Warren (2025) finds that the throughput from a small number of recycling firms amounts to 10-12
percent of the estimated amount of EOL PV modules in 2022. However, these estimates should be
treated with caution because of their age, and newer evidence suggests that both the amount of PV
waste and the amount of PV recycling capacity have expanded significantly (Warren, 2025).

PV Recycling and Landfilling Prices

High recycling prices relative to landfilling are frequently identified as a major barrier to increased
recycling of PV modules. Every study that we examined suggests that the cost of recycling solar
modules is typically higher than the cost of landfilling them (Curtis, Buchanan, et al., 2021; Hurdle,
2023; Sinha, 2025; Hommel de Mendonga, 2024; Warren, 2024). However, because of a lack of data,
there is still substantial uncertainty about how much more expensive PV recycling is compared with
landfilling.

The best available estimate of the price of PV landfilling is from the Environmental Research &
Education Foundation (EREF), which surveyed 46 landfill facilities throughout the United States and
found an average tipping fee (i.e., price) for landfilling solar PV modules to be equal to $69 per ton
(EREF, 2025).* This survey also found significant geographic variation, ranging from $45 per ton to
$138 per ton across all states. Tipping fees do not include transportation costs, which could be greater

* EREF (2025) reports prices in terms of dollars per short ton (2,000 Ib). We converted these prices to dollars per metric ton
(1,000 kg), which we refer to simply as a ton in our discussion.



for PV waste than for typical landfilling: EREF (2025) finds that of the 46 landfills surveyed, 28 did
not accept PV modules. Direct evidence on the price of landfilling PV modules as hazardous waste is
more limited, but anecdotal evidence suggests that doing so is between two and five times more
expensive than landfilling nonhazardous waste (Hurdle, 2023; Curtis, Buchanan, et al,, 2021).

On PV recycling prices, the best available evidence is from the Electric Power Research Institute
(EPRI) (Warren, 2024). Its survey of 12 PV waste recyclers in the United States found recycling
prices of between $14 and $35 per module in 2023. Because the cost of a utility-scale solar module is
typically about $200,° a recycling cost of $14—$35 per module represents a nonnegligible portion of
the overall cost. T'o make this recycling cost estimate comparable with the landfilling cost estimate
from EREF, we needed an estimate for the average weight of recycled PV modules. Using data from
two PV recyclers in the United States, we estimated an average module weight of about 31 kg per
module.® This estimate, combined with PV recycling price estimates from Warren (2024), gives us a
range of U.S. PV recycling prices between $452 and $1,129 per ton. This finding suggests that the
price of recycling PV modules is between 7 and 16 times greater than the average price of landfilling
PV waste in nonhazardous facilities, not including transportation costs.” For the baseline estimates in
the analysis presented in the next section, we use the midpoint of this range from Warren (2024), or
$791 per ton.

In general, the price of an EOL PV management option (e.g., landfilling or recycling) is not the
same as the cost of that option. However, according to economic theory, in competitive industries, the
equilibrium price is approximately equal to the marginal cost, which is why a common practice in cost-
benefit analysis is to use price as a proxy for marginal cost (Boardman et al., 2018). For an industry
such as recycling that recovers and sells valuable materials, the price should be approximately equal to
the net marginal cost, which is the direct cost of recycling minus the value of recovered materials.® So,
when we calculate the costs of a recycling mandate in the “National Security Rationale for Solar PV
Recycling Policy” section of this report, we assume that the prices of recycling and landfilling are equal

> The DOE estimates that utility-scale solar modules cost about $350 per kilowatt (kW) (Basore et al,, undated). Drawing on
data about modules from First Solar (2024a) and Trinasolar (2025), we assumed that PV modules have a typical capacity of
0.6 kW.

® Wambach and Libby (2026) reports that Solarpanelrecycling.com processed 419,000 modules weighing an average of 35 kg
over a period from 2023 to 2024. SOLARCYCLE (2025) reports that the company processed 480,406 modules weighing an
average of 26.5 kg in 2024. We take the midpoint of these two averages to arrive at a weight of approximately 31 kg per module.

7 There is some uncertainty here because Warren (2024) does not clearly state whether its recycling price estimates include
transportation costs. We assumed that they do not include transportation costs because, in another publicly available report
(Warren, 2025), the EPRI directly compares its recycling price estimates with landfilling price estimates of $1 to $5 per module,
which are consistent with the landfilling price estimates from EREF (2025) that explicitly do not include transportation costs.

Including transportation costs would likely widen the gap between PV recycling and landfilling cost estimates. Even
accounting for the fact that about 60 percent of MSW landfills may not accept solar PV waste (EREF, 2025), there are likely far
more MSW landfills in the United States that accept PV modules than there are PV recycling facilities. As of 2024, there were
an estimated 20 PV recycling facilities in the United States (Gracia and Sardana, 2024) compared with more than 1,000 MSW
landfills (EPA, 2025¢). This disparity suggests that transportation costs are likely higher for recycling versus landfilling PV

waste.

8 For some products, the net marginal cost of recycling is negative because the value of recovered materials is well above the direct
cost of recycling. In these cases, recycling companies will pay for EOL products. According to available evidence as of this writing,
PV recycling is not one of those cases.



to those activities’ net marginal costs, not accounting for environmental or national security
considerations. This approach entails the following caveats:

e It will lead to an overestimate of costs to the extent that recyclers and landfill operators can
charge significant markups for their services.

e It will lead to an underestimate of costs to the extent that recyclers and landfill operators are
subsidized by the government.’

Given these caveats, we performed sensitivity analyses on our quantitative results with respect to cost
parameters.

Overview of Solar PV Recycling Policies in the United States

In this section, we give a brief overview of solar PV recycling policies in the United States, at both
the federal and state levels. In Appendix A, we provide an overview of PV recycling policies from
outside the United States.

The United States regulates hazardous waste through the Resource Conservation and Recovery
Act (Pub. L. 94-580, 1976), but it does not specifically regulate EOL PV waste through any universal
federal policy. In an effort to reduce logistical burdens to recycling solar modules, the EPA is
developing a rule to classify solar modules as “universal waste,” which entails handling, transportation,
and storage requirements that fall between those of hazardous waste and nonhazardous waste. The
rule is “expected to promote the collection and recycling of solar panels and encourage the
development of municipal and commercial programs to reduce the quantity of these wastes going to
municipal solid waste landfills” (EPA, 2025b).

The Inflation Reduction Act of 2022 introduced an Advanced Manufacturing Production Credit
(U.S. Code, Title 26, Section 45X), which applies to primary or secondary production of solar energy
components (Internal Revenue Service, 2024). The Act also extended and expanded the Advanced
Energy Project Credit for facilities that recycle advanced energy property (U.S. Code, Title 26,
Section 48C; Internal Revenue Service, 2026). These programs provide tax credits for the recycling of
solar modules and for the production of solar modules from recycled materials. However, the
Advanced Manufacturing Production Credit will be sunset in 2033, and the Advanced Energy Project
Credits have reached the $10 billion cap and are not available to new applicants.

PV waste management in the United States is more generally left to the jurisdiction of states.
However, two-thirds of states lack a regulatory approach that would treat PV modules separately
from other electronic waste. Regulations also typically focus on entire projects (typically, utility-scale)
rather than the modules themselves. In many states and on some federal lands, EOL PV modules in
utility-scale power projects are grouped with electronic waste and regulated through site
decommissioning plans. Decommissioning plan requirements often require land restoration of the site,
proof of financial assurance to fund decommissioning, and occasionally, specific decommissioning
activities, such as recycling (Curtis, Smith, et al.,, 2021).

? For PV recycling, subsidies include the tax credits mentioned in Sections 45X and 48C of the Inflation Reduction Act (Pub. L.
117-169, 2022). See the policy overview in the next section for details.



Of those states that include EOL PV modules in decommissioning plans, Maine, New Jersey,
North Carolina, and Texas mandate solar module recycling in those plans (Maine Legislature,
undated; State of New Jersey, 2025; North Carolina General Assembly, undated; State of Texas,
2025). Such states as Hawaii, Illinois, New Jersey, and Virginia have created commissions, task forces,
and studies to explore EOL PV module recycling plans (Council of State Governments, 2022).
Minnesota has introduced a bill to implement a “product stewardship program” that would require the
collection and recycling of EOL PV modules (Hubbard, 2025). Nevada has introduced similar
legislation to require solar module owners to file a disposal plan that describes how solar modules will
be recycled, with a target recovery rate of 90 percent (Nevada Legislature, 2025). California and
Hawaii classify solar modules as universal solid waste, which, as with the EPA proposal, is intended to
streamline logistical management and remove barriers to recycling (Rischar, 2026).

Washington is the only state that regulates the recycling of solar modules specifically rather than
entire projects. Washington state regulations echo the Waste Electrical and Electronic Equipment
(WEEE) directive in the European Union (EU), which mandates extended producer responsibility
(EPR) to finance takeback and recycling, with a target of 85-percent recovery (Washington State
Legislature, undated-a). In response to this policy, PV manufacturers signaled their intent to stop
selling their products in Washington. The state legislature has postponed the takeback system in
response; it is scheduled to go into effect in 2030 (Washington State Legislature, undated-b).

Analyzing Rationales for a PV Recycling Mandate

As we covered in the previous section, several state governments have taken action to increase solar
PV recycling. In this section, we summarize the main rationales given for these policies. These
rationales fall into three categories:

e environmental—recycling can benefit the environment by preventing pollution associated
with landfilling and by reducing the need for mining and the production of virgin materials

® national security—recycling can increase the domestic supply of critical minerals, which
makes the United States less vulnerable to coercion from adversaries that control critical
mineral supply chains

e economic—increased recycling could lower future recycling costs, increase employment, or
increase the availability of recovered materials.

When analyzing these rationales, we typically focused on one specific solar PV recycling policy: a
PV recycling mandate, under which owners of EOL PV modules would be required to recycle their
solar modules. Recycling mandates are the primary policy of interest because they have been
commonly used globally, and unlike more-incremental policy changes, mandates have a large impact
on recycling rates. At the end of this section, we briefly discuss alternative recycling policies.

Importantly, our analysis does not include another potential rationale for policy to increase PV
recycling: The government could find it intrinsically valuable to increase recycling. That is, instead of
being valued for instrumental benefits (i.e., the impact on environmental, national security, or
economic outcomes), PV recycling could instead be valued because it is consistent with sustainability
principles.



Environmental Rationales for a PV Recycling Mandate

Reducing Environmental Contamination from Landfilling

Multiple authors have argued that landfilling solar modules could cause significant environmental
contamination and that this potential danger could justify policies to increase PV recycling (Cotton et
al., 2025; Meidl, 2022). As we discuss above, existing regulations already require that waste generators
determine that modules are nonhazardous before disposing of them in nonhazardous waste landfills.
Typically, this is determined through the TCLP test. If modules fail the test, they are required to be
landfilled in hazardous waste landfills. U.S. hazardous waste landfills contain many systems to prevent
contamination, including double-layered synthetic liners, clay liners, leachate collection systems, and
leak detection and repair systems. These containment systems have been found to be highly effective
at containing leachate and substantially reducing the potential for environmental contamination (Jain
et al,, 2023; National Research Council, 2007), which is why common practice in environmental cost-
benefit analysis is to assume that environmental contamination from modern landfills is negligible
(Eshet, Ayalon, and Shechter, 2005)."° Thus, it seems highly unlikely that PV modules placed in
hazardous waste landfills would end up causing significant environmental contamination.

Some may be concerned that TCLP testing is too lenient and that some PV modules will pass
TCLP testing when landfilling them, in fact, represents a significant environmental threat. However,
available evidence suggests that the TCLP may, in fact, be overly conservative because it involves
crushing modules into smaller pieces and subjecting them to more-acidic conditions than those that
would occur in typical landfill environments (Sinha et al., 2020; Li et al., 2025). Informed by TCLP
data and additional environmental system modeling, Sinha et al. (2020) concluded that landfilling
solar modules would cause negligible environmental contamination, even if they were disposed of in
landfills without liners or other containment systems that are common (but not universal) in
developed nations."

Finally, there is evidence that the potential for landfilled modules to cause environmental
contamination is declining over time, because of both design changes and reductions in the amount of
hazardous materials used in newer modules (National Renewable Energy Laboratory, 2025; Li et al,,
2025). In fact, Li et al (2025) finds that while 8 percent of traditional module samples failed the
TCLP, all modern samples passed the test."”” This suggests that in future decades, when PV waste
flows are many times larger than they were in 2025, there will be even less of a chance of significant
environmental contamination from landfilling PV modules.

Therefore, all the evidence suggests that environmental contamination from landfilling PV
modules is not a compelling rationale for a PV recycling mandate.

19 This conclusion from Eshet, Ayalon, and Shechter (2005) applies to all landfills that have such containment systems as liners
and leachate collection systems. In the United States, all hazardous waste landfills are required to have these containment
systems, regardless of when they were built. Nonhazardous waste landfills in the United States built since 1993 are also required
to have these containment mechanisms, but nonhazardous waste landfills built prior to 1993 are not required to have them
(EPA, 2005).

! This finding applied to both CdTe and ¢-Si types of solar modules.

2 Li et al. (2025) defines modern module designs as those that do not use back surface field technology, which was the dominant
module technology prior to 2018 (Basore et al., 2022).



Life-Cycle Environmental Benefits of Recycling

The previous section focused only on the potential environmental contamination caused by
landfilling PV waste, but even though landfilling causes negligible direct environmental harm,
recycling can still benefit the environment because recycling reduces the need to produce new
materials. In this section, we primarily focus on one possible environmental benefit from recycling:
reduced greenhouse gas (GHG) emissions. We focus on GHG emissions because they are often listed
as one of the main benefits of PV recycling (Cotton et al., 2025; Lijzen et al., 2024; SOLARCYCLE,
2025), and there is a significant amount of research on the impact of PV recycling on GHG emissions.
Other possible environmental benefits, such as reduced water pollution, are less well studied. We
briefly discuss the evidence on these other environmental benefits without a full analysis. We discuss
the impact of recycling on the depletion of nonrenewable resources in the “Economic Rationales”
section below.

GHG Emissions

Table 1 summarizes results from the literature regarding the net GHG benefits of recycling solar
modules rather than landfilling them. Each of the studies in Table 1 assumes that material recovered
through recycling displaces some production using virgin material.”’ None of the studies are based in
the United States, so their results may not generalize to the U.S. context. The studies cover many
different types of PV recycling, from basic methods that recover only aluminum, copper, and glass
(Stolz et al., 2017; Daljit Singh et al., 2021), to advanced methods that recover nearly every valuable
material in the module (Daljit Singh et al., 2021; Lijzen et al., 2024). Until recently, basic recycling
methods were by far the most common (Stolz et al., 2017), but in recent years, more-advanced
methods that allow for the recovery of silicon and silver have become commercially available
(Wambach and Libby, 2026). The recycling methods in Table 1 with the highest GHG impacts—the
full-recovery scenario in Daljit Singh et al. (2021) and scenario 3b in Lijzen et al. (2024)—correspond
to advanced methods that, as far as we are aware, do not yet exist at commercial scale.*

For silicon-based modules, which are the most common type of solar PV module both in the
United States and globally, estimates range from 0.27 to 3.9 tons of carbon dioxide equivalent
(COseq) reduced per ton of recycled PV waste. The largest estimate that we found, in Daljit Singh et
al. (2021), implies that the emission reduction caused by recycling a c-Si solar module is 22 percent as
much as the emissions associated with producing the module. Thus, the benefits of reducing GHGs
through PV recycling are small relative to the environmental impacts of producing solar modules,
which are, in turn, typically found to be small relative to the environmental impact of producing
energy with fossil fuels (Hertwich et al., 2015).

13 The assumed displacement rate is not always one-to-one. Life-cycle analyses have various methods for calculating how much
increased secondary production displaces primary production.

' Daljit Singh et al. (2021) and Lijzen et al. (2024) studied recycling methods that recover solar-grade silicon. Wambach and
Libby (2026) examined ten large-scale recycling facilities, and none recovered solar-grade silicon.



Table 1. Estimates of Life-Cycle GHG Emission Reductions from Recycling Solar PV Modules

GHG Emission Reduction

Type of (tons of CO2eq per ton of

Source Location Module Materials Recovered recycled modules)
Stolz et al. (2017)° EU c-Si Aluminum, downcycled glass, 0.27

copper
Stolz et al. (2017) EU CdTe Aluminum, downcycled glass, 0.18

copper, CdTe
Daljit Singh et al. (2021), basic Australia  ¢-Si Aluminum, downcycled glass, 1.5
recycling copper
Daljit Singh et al. (2021), full-  Australia  ¢-Si Aluminum, solar glass, 39
recovery copper, solar-grade silicon,

silver, tin, lead

Lijzen et al. (2024), EU c-Si Aluminum, downcycled glass, 1.0
scenarios 2a and 3a° copper, metallurgical silicon,

silver
Lijzen et al. (2024), EU c-Si Aluminum, solar glass, 1.3
scenario 2b copper, metallurgical silicon,

silver
Lijzen et al. (2024), EU c-Si Aluminum, solar glass, 1.9
scenario 3b copper, solar-grade silicon,

silver
Norwegian EPD Foundation EU CdTe Downcycled glass, copper, 0.10
(2023) CdTe

NOTE: Downcycled glass refers to any case in which the recovered glass cannot be used as solar glass.

@ Stolz et al. (2017) and Norwegian EPD Foundation (2023) estimates for the net impact of recycling do not include
emissions avoided by not needing to landfill the modules. We added in avoided emissions of 0.02 tons CO2eq per ton
of recycled material based on estimates in EPA, Office of Resource Conservation and Recovery (2023).

® Lijzen et al. (2024) studied many different recycling methods. It only presents GHG emission impacts relative to a
scenario in which PV modules are recycled using first-generation recycling methods, similar to those studied by Stolz et
al. (2017). So, to estimate the full GHG emission reduction relative to landfilling, we added the GHG emission reduction
estimate from Stolz et al. (2017) to the reported estimates from Lijzen et al. (2024).

Other Environmental Impacts

Numerous life-cycle analyses of PV recycling also estimate its impacts on non-GHG forms of
environmental damage, such as particulate matter pollution or freshwater ecotoxicity. These studies
do not always estimate impacts on the same environmental categories, and sometimes they only report
an aggregated impact score rather than category-specific impacts. To facilitate comparison, in Table 2,
we list life-cycle analysis results by their aggregated impact on non-GHG environmental impact
categories relative to the impact of PV module production. Thus, for example, an estimate of
—2.5 percent implies that, on average, the study found that recycling’s net environmental benefits are
2.5 percent as large as the environmental harms caused by module production. From Table 2, we see
that solar PV recycling is estimated to have net environmental benefits, but these environmental



benefits appear to be small in magnitude. More specifically, in all cases, the non-GHG environmental
benefits follow the same pattern noted in Table 1 for GHG emission reductions: Such benefits are
small relative to the environmental impacts of producing solar PV modules, which are small compared
with the impacts of fossil fuel energy generation (Hertwich et al., 2015). As in the previous section, we
found that the largest impact estimate (the full-recovery scenario in Daljit Singh et al., 2021) comes
from a recycling method that has not yet been deployed at commercial scale.

Table 2. Estimates of Non-GHG Environmental Benefits from Recycling Solar PV Modules

Average Impact of Recycling
on Non-GHG Environmental

Type of Outcomes Relative to the

Source Location  Module Materials Recovered Impact of Module Production
Stolz et al. (2017)° EU c-Si Aluminum, downcycled glass, -2.5%

copper
Stolz et al. (2017) EU CdTe  Aluminum, downcycled glass, -1.1%

copper, CdTe
Daljit Singh et al. (2021), Australia c-Si Aluminum, downcycled glass, -6.9%
basic recycling copper
Daljit Singh et al. (2021), Australia c-Si Aluminum, glass, copper, —-26%
full-recovery solar-grade silicon, silver, tin,

lead
Norwegian EPD EU CdTe Downcycled glass, copper, -1.0%
Foundation (2023) CdTe

NOTE: The listed values for Daljit Singh et al. (2021) are directly reported in the article. The listed values for Stolz et al.
(2017) and Norwegian EPD Foundation (2023) are simple averages over disaggregated environmental impact scores
reported in both. Also, the aggregate impacts for Daljit Singh et al. (2021) include resource depletion impacts, whereas
the impact estimates for the other two studies do not include resource depletion. We did not include Lijzen et al. (2024)
in this table because its authors estimate only the impact of recycling on GHG emission reductions. They then use GHG
emissions as a proxy for overall environmental impact.

@ Stolz et al. (2017) and Norwegian EPD Foundation (2023) provide estimates for the net impact of recycling that do not
include the direct environmental damage of landfilling. For GHG emissions, while our results in the previous section
found that direct landfilling impacts were very small, we cannot confirm that they are also negligible for these other
forms of non-GHG environmental damage.

Accounting for Potential Disincentive Effects of a PV Recycling Mandate

In this section, we analyze a possible unintended consequence of a PV recycling mandate: Because
recycling is more expensive than landfilling PV waste, a PV recycling mandate would likely raise the
lifetime cost of solar energy, which could reduce the extent of solar adoption in the United States.”” In

15 This issue could be avoided if the recycling mandate were paired with financial incentives to support solar adoption, as some
EU countries have done, but this approach has not been used in many state-level recycling mandates (see the policy landscape
discussion in the “Overview of Solar PV Recycling Policies in the United States” section above for details).
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many jurisdictions, reduced solar adoption would likely lead to the increased use of fossil fuels,'
which, in turn, could cause environmental damage.

The concern that a recycling mandate could reduce solar PV adoption is not merely theoretical. In
2017, Washington state passed a law that required every solar module vendor to have a recycling plan
approved by the state government to be allowed to sell solar modules in the state. As the deadline
approached for the policy to take effect, many solar companies claimed that they would stop selling
solar modules in the state if the law went into effect, a development that plausibly would have reduced
PV adoption. This led the state government to delay the effective date of the law by five years and
create an advisory committee to find out how to modify the law so that major solar companies would
continue to operate in the state (State of Washington, Department of Ecology, 2024; Misbrener,
2025).

While drastic outcomes could likely be avoided through quality regulatory design that limits
compliance costs, it is still plausible that a recycling mandate would cause modest reductions in PV
adoption. As we discussed previously, recycling is currently more expensive than landfilling, so
requiring recycling would raise the full cost of solar energy generation, and extensive empirical
evidence supports our assumption that increases in the cost of solar energy cause reductions in solar
adoption (U.S. Energy Information Administration [EIA], 2023; Wang and Houde, 2026).
Furthermore, there are well-documented cases of environmental regulation reducing activity in an
industry through increased costs, such as estimates that the Clean Air Act reduced production in
pollution-intensive industries (Greenstone, 2002; Ryan, 2012).

To develop an understanding for how serious of a problem this disincentive could be, we
estimated the full impacts of a solar PV mandate in the United States on GHG emission reductions,
accounting for possible reduced solar PV adoption. We focus on GHG emission reductions because
they are often listed as one of the main environmental benefits of PV recycling and because there are
quality estimates of the impact of recycling and of solar adoption based on GHG emission reductions.
We considered a hypothetical federal recycling mandate in the United States relative to a scenario in
which there are no federal or state recycling mandates. One challenging step is specifying the amount
of recycling that would occur without a mandate, because, as we discussed in the previous section, the
recycling rate as of this writing is unknown. For simplicity, we assume that the recycling rate would be
0 percent in the absence of mandates, which would lead us to err on the side of overestimating the
impacts of the mandate on GHG emission reductions.

To start, we assume that a recycling mandate would not affect the extent of solar PV adoption in
the United States. We relax this assumption later on. We then make the following additional
assumptions for our baseline estimate:

e Informed by our earlier findings, we assume that the United States will produce 0.4 million
tons of PV module waste per year by 2040.

16 This is not a major concern in states that have a cap-and-trade program that covers the power sector because in those states
power sector emissions are set by the cap-and-trade program and thus will not change if solar costs increase. But in the 37 states
that do not have GHG cap-and-trade programs in their power sectors (see the map at International Carbon Action Partnership,
undated), increased solar costs will likely lead to increased power sector emissions.
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e  Weassume that recycling c-Si and CdTe modules will reduce GHG emissions by 1.4 tons of
COzeq and 0.14 tons of COeq per ton recycled, respectively, based on the values listed in
Table 1.

e Using market-share data from Meagley et al. (2025), we assume that 30 percent of PV waste
will come from CdTe modules and 70 percent from c-Si modules.

With these assumptions, we conclude that a PV recycling mandate would reduce GHG emissions
by about 0.4 million tons of CO,eq per year in 2040. To put this emissions impact into perspective,
we analyzed to what extent U.S. solar generation would have to decrease in 2040 to increase GHG
emissions by 0.4 million tons per year (that is, how much of a reduction in solar generation is needed
to offset the reduced emission benefit of recycling). Using EPA estimates of the emission reduction
impact of adopting solar generation and EIA projections for the amount of solar generation in 2040,
we estimate that a 0.13-percent decrease in solar generation would fully offset the emission reduction
benefit of PV recycling (see Appendix B for details). Thus, if a PV recycling mandate causes even a
very small decrease in solar generation, it could be enough to offset most or all of the emission
reduction benefits of recycling.

Next, we estimate how much a PV recycling mandate would reduce solar PV generation. To do
so, we first need an estimate for how much a recycling mandate would increase the private lifetime cost
of solar PV." Using our previous estimates of landfilling and recycling prices, we assumed that a solar
recycling mandate would increase PV EOL management costs by $722 per ton, on average, which
translates to a 0.4-percent increase in the lifetime cost of solar power (see Appendix B for details on
the calculations and sources used). Using EIA estimates of how much solar costs affect solar
generation, we found that a 0.4-percent increase in solar costs would, in turn, lead to a 0.3-percent
reduction in solar generation. Finally, we estimated that this reduction in solar generation would
translate into a GHG emissions increase of 0.85 million tons of CO,eq per year by 2040. This is
greater than the emission reduction benefit of recycling, indicating that a solar PV recycling mandate
could actually increase total GHG emissions.

Many parameters and assumptions in this analysis are highly uncertain, so we cannot draw
confident conclusions about the direction of the impact on GHG emissions. For example, Table 3
shows a sensitivity analysis of these results with respect to the recycling cost parameter, and we see
that if the average price of recycling is set to $290 per ton (a level that could plausibly be reached in
2040), the mandate will be expected to cause a net reduction in GHG emissions. However, our
analysis suggests that it is at least plausible that a PV recycling mandate could cause a large-enough
reduction in PV adoption to offset all or most of the GHG emission reduction benefits of recycling.
Given that solar adoption is also associated with significant environmental benefits beyond reduced
GHG emissions, it is also plausible that this conclusion could extend to other environmental impacts,
although we do not formally analyze that here. Policymakers should be aware of this potential
unintended consequence when considering PV recycling mandates.

7 Private lifetime costs exclude externality costs or benefits, such as environmental or national security externalities.
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Table 3. Summary of Estimated Impacts of a Nationwide PV Recycling Mandate

Reduction in GHG

Emissions from Reduction in Increase in GHG Total Impact on GHG
Recycling Rather Than Solar Emissions from Reduced Emissions from a PV
Scenario Landfilling Generation Solar Generation Recycling Mandate
Baseline 0.4 million tons of COzeq 0.3% 0.85 million tons CO2eq  +0.5 million tons of
per year per year CO2zeq per year
Low recycling cost 0.4 million tons of CO2eq 0.1% 0.3 million tons COzeq —0.1 million tons of
per year per year CO2zeq per year

High recycling cost 0.4 million tons of CO2eq 0.45% 1.4 million tons CO2eq +1 million tons of

per year per year COzeq per year

NOTE: The estimates reflect our assumption that the extent of solar adoption in the United States would decrease
with a mandate. The low recycling cost scenario corresponds to a case in which recycling PV waste costs $290 per
ton. The baseline scenario corresponds to a case in which PV recycling costs $791 per ton. The high cost scenario
corresponds to a case in which PV recycling costs $1,130 per ton. In all cases, landfilling PV waste is assumed to cost
$69 per ton, on average.

Limitations and Caveats

As mentioned previously, there are some important caveats associated with our results in this

analysis

.
+

Our analysis assumes that the only cost of the recycling mandate is that the private sector
would have to pay extra to dispose PV modules. But there could be additional costs related to
administrative compliance. If administrative costs were accounted for, the cost of recycling
mandates could exceed our estimates in this section.

There is significant uncertainty about how much recycling displaces production costs incurred
from using virgin materials. Some evidence indicates that the amount of displacement is very
low, which suggests that the GHG emission reduction benefits of recycling could be lower
than the estimates shown in Table 1 (Zink, Geyer, and Startz, 2018).

Our analysis uses the median estimate for the GHG emission reduction impacts of recycling
shown in Table 1. As discussed, more-advanced PV recycling methods that have yet to be
implemented at commercial scale could enable significantly higher GHG emission reductions
(see Table 1). If these more-advanced methods become common by 2040, the emission
reduction benefits of a PV recycling mandate will increase. On the other hand, our analysis
uses existing estimates for the GHG emission reduction impacts of recycling, which are
primarily driven by emission reductions from avoiding the virgin production of glass,
aluminum, and high-purity silicon. By 2040, production of those materials could be less GHG
emissions—intensive, which would reduce the GHG emission reduction benefits of recycling.
We assume that future solar module recycling prices will be similar to existing prices, adjusted
for inflation. However, there is significant uncertainty associated with whether future
recycling prices will be higher or lower than existing prices. On the one hand, learning effects
and economies of scale could cause recycling costs to decrease as the solar recycling industry
grows. On the other hand, the amount of valuable materials in solar modules has dropped
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significantly over time (Masson et al., 2025; Yuan et al., 2024); if that trend continues, the
price of recycling will increase in the future. Similarly, we assume that future prices for
landfilling PV waste will be similar to existing prices, adjusted for inflation. While EREF
(2025) finds that landfilling tipping fees have been stable since 1995, adjusted for inflation, it
is possible that the tipping fee specifically for PV modules could increase faster in future years
because of an increase in the amount of solar PV waste.

o There is significant regional heterogeneity in landfilling prices, recycling prices, grid emission
factors, and the regulatory landscape. Each of these could affect the conclusions discussed in
this section if the analysis were applied to one specific state. For example, in states with cap-
and-trade programs on the electricity sector, reduced PV adoption may cause no increase in
grid-level emissions, because GHG emissions cannot exceed the cap.

National Security Rationale for Solar PV Recycling Policy

One possible rationale for solar PV module recycling mandates is that these policies would
increase the domestic supply of critical minerals, which is a major national security priority for the
United States. The concern is that the U.S. civilian economy and U.S. defense economy could be
severely harmed by supply disruptions for critical minerals (U.S. Department of State, Office of the
Spokesperson, 2026). This supply chain vulnerability could be exploited by adversaries for economic
coercion or to gain a military advantage. Supply chain vulnerability could be reduced if the U.S.
economy were to increase its domestic supply of critical minerals, including the supply of recycled
critical minerals. In this section, we analyze to what extent solar PV recycling could increase the U.S.
supply of critical minerals. We then analyze whether stockpiling would represent a lower-cost way to
address supply chain vulnerabilities than a PV recycling mandate.

Increasing Critical Mineral Supply Through Solar PV Recycling

In this section, we estimate the amount of critical minerals that could be recovered from recycling
EOL solar PV modules in 2040 in the United States. We focus only on minerals that appear on the
latest U.S. Geological Survey (USGS) critical minerals list (USGS, 2026). We use 2040 as the time
frame because by then the annual flow of EOL solar PV waste is expected to be large. As of this
writing, the amount of EOL solar PV waste is so small that the volume of any recovered critical
minerals would be negligible.

To estimate the volume of recovered critical materials in 2040, we assume that 0.4 million tons of
EOL PV modules will be generated per year, based on DOE estimates (Ardani et al., 2021). Given the
existing market shares, we assume that 70 percent of these EOL PV modules will be ¢-Si and the rest
will be CdTe (Meagley et al., 2025). We estimate the critical mineral content of ¢-Si and CdTe
modules using data from Chowdhury et al. (2025) and Advanced Power Alliance (2024), respectively.
We focus on aluminum, copper, silicon, silver, lead, tin, antimony, and tellurium because there are
nonnegligible amounts of these minerals in ¢-Si and CdTe modules and all are graded as “critical” per
USGS (2026). To estimate an upper bound on the amount of materials that could be recovered, we
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assume that by 2040, recycling will recover 100 percent of critical minerals in PV modules."® Finally,
we assume that all EOL CdTe modules in 2040 will be from framed designs rather than frameless,
which gives us an upper bound estimate on the aluminum content in CdTe modules."

We present our results in Table 4, where, for perspective, we also compare the volume of

recovered critical minerals with U.S. imports as of 2025. For all minerals except tellurium, we estimate
that the possible volume recovered from EOL solar PV modules is small relative to U.S. imports in
2025, even under the assumption of a 100-percent future recovery rate. This suggests that solar PV
recycling would have only a minor impact on reducing supply chain concerns for those minerals. For
tellurium, we estimate that PV recycling could recover enough volume per year (36 tons) to
completely replace U.S. imports, which suggests that CdTe PV recycling could significantly reduce
supply chain concerns for tellurium. Note, however, that USGS (2026) finds that import dependence
for tellurium is lower than for most other critical minerals. Therefore, while PV recycling could
eventually recover enough material to end import dependence for tellurium, such imports may not

represent a significant supply chain vulnerability relative to other critical minerals.

18 Historically, the most common methods of solar module recycling did not recover silicon and silver, but more-advanced
methods do (Dominish, Florin, and Teske, 2019; Wambach and Libby, 2026). While we have not seen evidence of tin or lead
being recovered yet at commercial scale, some experimental recycling methods can recover them (Daljit Singh et al., 2021).
Finally, while we have seen no evidence of elemental antimony being recovered, advanced recycling methods can recover solar-
grade glass, which contains antimony (Wambach and Libby, 2026). Thus, recovery of solar glass could reduce U.S. import
dependence for antimony.

19 Advanced Power Alliance (2024) reports framed CdTe modules as 11- to 14-percent aluminum by mass. For current U.S.
CdTe products, Series 6 modules used an aluminum frame, whereas Series 7 modules are frameless and use steel struts. The
aluminum use is negligible in modern frameless CdTe modules. See Sartor et al. (2026).
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Table 4. Estimated Maximum Annual Volumes of Recovered Critical Minerals from Complete
PV Recycling in 2040

EOLPV Aluminum Copper Silicon Lead
Module Waste (thousand (thousand (thousand Silver Tellurium?® Tin® (thousand Antimony*
Type (milliontons) tons) tons) tons) (tons) (tons) (tons) tons) (tons)
c-Si 0.28 45 2.2 12 84 0] 310 0.22 500
CdTe 0.12 17 0.5 0 0] 36 Negligible Negligible 260
Total 0.4 62 2.7 12 84 36 310 0.22 770
U.S. imports for 5,300 1,700 290 7,600 14 32,000 520 44,000

consumption in 2025

Total (% of U.S. 1.2% 0.16% 4.1% 1.1% 260% 0.96% 0.043% 1.7%
imports in 2025)

SOURCES: Authors’ calculations using data from USGS, 2026; Meagley et al., 2025; Chowdhury et al., 2025;
Chowdhury, Chowdhury, et al., 2026; Advanced Power Alliance, 2024; Tao et al., 2024; Chen et al., 2021; Geipel,
Eberlein, and Kraft, 2019; Camargo et al., 2021; First Solar, 2021; and First Solar, 2024b.

NOTE: Imports for consumption is defined by USGS (2026) as goods that have cleared U.S. Customs and Border
Protection for immediate domestic use or withdrawal from bonded warehouses.

@ We calculated the estimates for tellurium (Te) by using a representative CdTe thin-film module assumption of = 8 g
CdTe/m? and total module mass of = 12 kg/m?, which is consistent with the order-of-magnitude values discussed in
Fthenakis (2009). Because CdTe contains 53.2 weight percent (wt%) Te, this implies = 4.26 g Te/m?, corresponding to
about 0.04 wt% Te relative to total module mass.

® For silicon-based modules, the baseline tin (Sn) content (= 0.11 wt%) is estimated from the soldered interconnect
copper ribbons. A standard 17.29 kg 60-cell module contains 21.9 g of Sn, yielding wt% Sn =219 g /17,286.2 g x 100 =
0.127 wt% of total module mass (Tao et al., 2024). Alternatively, physical extraction models show that copper ribbons
constitute 1.1 wt% of the module mass and contain 8.64 wt% Sn, yielding wt% Sn = 1.1 wt% x 8.64 wt% =~ 0.095 wt% Sn
(Chen et al., 2021). Global material flow projections use a broader target baseline of 0.1to 0.2 wt% Sn (Chowdhury,
Chowdhury, et al., 2026). For CdTe modules, Sn is classified as a trace constituent (<0.01 wt%) because monolithic cell
integration directly on glass bypasses copper ribbon soldering, restricting Sn usage to a sub-micron transparent
conducting oxide layer below the standard 0.1 wt% per-article regulatory reporting threshold (Meagley et al., 2025; First
Solar, 2024b).

¢ For silicon-based modules, the baseline lead (Pb) content (= 0.08 wt%) is concentrated in solder joints and ribbon
coatings. Tear-down analyses of a standard 17.29-kg module identify 18.3 g of Pb, yielding wt% Pb =18.3 g /17,286.2 g
x 100 = 0.106 wt% Pb, whereas ribbon characterizations identify copper ribbons as representing 1.1 wt% of total module
mass and containing 5.0 wt% Pb (wt% Pb = 1.1 wt% x 5.0 wt% = 0.055 wt% Pb) (Tao et al., 2024; Chen et al., 2021).
Industry consensus inventories use a baseline of 11.4 g of Pb per standard Passivated Emitter and Rear Contact module
(= 0.05 wt% for a standard 22-kg module) (Geipel, Eberlein, and Kraft, 2019; Camargo et al., 2021). For CdTe modules,
Pb is present only in trace quantities (<0.01 wt%) within encapsulated junction box solder joints and is absent from the
active device layers because of monolithic, ribbon-free thin-film cell architecture (Meagley et al., 2025; First Solar,
2024b).

¢ For silicon-based modules, the baseline antimony (Sb) content (= 0.18 wt%) is calculated from its use as a fining agent
in patterned glass to improve light transmission. Standard patterned glass contains 0.20—-0.30 wt% Sb, which translates
to a whole-module mass fraction of wt% Sb =16 kg x 0.25 wt% / 22 kg = 0.182 wt% based on a nominal 16-kg front
glass sheet on a 22-kg module (Borosil Renewables, undated; Camargo et al., 2021). For CdTe modules, Sb (= 0.22
wt%) is estimated using a double-glass laminate construction representing = 89.5 wt% of the total 34.5 kg module mass
(= 30.9 kg of glass) (First Solar, 2021; Chowdhury et al., 2025). Applying a standard 0.25 wt% glass Sb concentration
yields wt% Sb = 89.5 wt% x 0.25 wt% = 0.224 wt% of the total module mass. These values represent glass imported
from Asia; European float glass and European-manufactured patterned glass omit Sb to prevent tin-bath reactions
during manufacturing (European Solar PV Industry Alliance, 2023).
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Cost of a Solar PV Recycling Mandate Relative to Stockpiling

In the previous section, we found that for most critical minerals, the amounts that would be
recovered via PV recycling would be small relative to U.S. imports of those materials, with the
exception of tellurium. In this section, we compare the cost of a PV recycling mandate with an
alternative way of providing a secure supply of critical minerals: stockpiling. While stockpiling is not
the only possible way to reduce critical mineral supply chain vulnerability, it is a common strategy
(White House, 2026) that can be analyzed quantitatively, so it offers a useful benchmark against
which to measure the cost of a PV recycling mandate. The exact policy that we consider is a
nationwide PV recycling mandate in the United States.

Following the logic presented in the previous section, we assume for simplicity that in the absence
of any federal or state-level PV recycling mandates, almost no PV modules would be recycled. This
assumption leads us to estimate an upper bound on the possible benefits of a recycling mandate. Using
a baseline recycling rate above zero would lead to fewer estimated benefits (and lower costs) of a PV
recycling mandate, but it would not change our estimated ratio of stockpiling costs to recycling
mandate costs.

We would like to stress one important caveat up front: The analysis in this section is not a
comprehensive cost-effectiveness analysis of a recycling mandate versus stockpiling. Environmental
impacts are excluded from this analysis, as are possible economic externalities from recycling that are
discussed in the “Economics Rationales for a PV Recycling Policy” section of this report.
Environmental impacts could be especially relevant because stockpiling could increase the production
of critical minerals, which could cause environmental damage. A comprehensive analysis of the various
costs and benefits of the two policy options is left to future work. However, even with this limitation,
we believe that the analysis presented here offers useful insights, as we discuss below.

Estimating the Size of a Stockpile to Replace the Increase in Supply Caused by a PV
Recycling Mandate

In Table 4 above, we estimated that if all PV waste were recycled in 2040, it would yearly provide
up to 62,000 tons of aluminum, 3,000 tons of copper, 12,000 tons of silicon, 84 tons of silver, 308
tons of tin, 224 tons of lead, 504 tons of antimony, and 36 tons of tellurium. If the U.S. government
chose not to enact a nationwide solar PV recycling mandate, it could instead stockpile critical minerals
to protect against a possible supply disruption. If we assume that a future supply disruption would last
at most three years,” a stockpile of 186,000 tons of aluminum, 9,000 tons of copper, 36,000 tons of
silicon, 252 tons of silver, 924 tons of tin, 672 tons of lead, 1,512 tons of antimony, and 108 tons of
tellurium would be required to match the supply that would be created by a PV recycling mandate.
These quantities are three times greater than the yearly supply that would be produced by solar PV
recycling. Finally, drawing on evidence of how often oil is withdrawn from the Strategic Petroleum
Reserve, we assume that critical minerals would be withdrawn from the stockpile once every ten years,

%0 In previous supply disruptions, such as when China cut rare earth exports by 50 percent from 2010 to 2014, it took less than
three years before alternative supply sources increased to bring prices down to predisruption levels (Wilson, 2018).
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on average,” and that in those years in which withdrawals occur, one-third of the stockpile will be
withdrawn.” We assume that any resources withdrawn from the stockpile must be replenished in the
year following the end of the supply disruption.

The Cost of a PV Recycling Mandate Versus Stockpiling

As in the previous “Environmental Rationales for a PV Recycling Mandate” section, our baseline
assumption is that PV recycling costs $722 per ton more than landfilling, on average.® Using the
DOE estimate of 0.4 million tons of solar PV waste by 2040 (Ardani et al.,, 2021), we estimate that a
PV recycling mandate would cost $289 million per year by 2040.

How much would it cost to instead maintain a stockpile of the size calculated above? Using USGS
(2026) commodity prices, we estimate that creating this stockpile would entail an upfront cost of $1.4
billion, with the majority of this cost coming from the aluminum stockpile. Using a discount rate of 7
percent per year,* this one-time cost of $1.4 billion is equivalent to an annualized cost of $92 million
per year.” Using estimates on the cost of warehouse storage and the density of each material, we
estimate that storage costs for the stockpile would be about $1 million per year (Schneider, 2026;
National Center for Biotechnology Information, undated). Finally, as discussed above, we assume that
a supply disruption occurs once every ten years, on average, and that the stockpile must be replenished
in the year following the end of a supply disruption. This assumption corresponds to an expected
replenishment cost of about $41 million per year (see Appendix C for details on the replenishment
cost calculation). Taken together, we estimate that the stockpile would cost about $134 million per
year, which is 54 percent less than our estimated cost of the PV recycling mandate.

Our results in this analysis suggest that stockpiling may offer a lower-cost way to achieve the
national security benefits that could be achieved through a PV recycling mandate. This finding, in
turn, suggests that policymakers concerned about supply chain vulnerabilities should consider
increasing stockpiling as an alternative to instituting a PV recycling mandate. However, there are
enough limitations in our analysis that we cannot draw any definitive conclusions. Future work could
build on our analysis to find more-conclusive evidence on the cost of a PV recycling mandate relative
to alternative policies for reducing supply chain vulnerabilities.

%! Since the establishment of the Strategic Petroleum Reserve in mid-1977, there have been five emergency drawdowns from it,
which translates to about once every ten years (DOE, Office of Petroleum Reserves, undated; U.S. Government Accountability
Office, 2026).

%2 One-third of the stockpile corresponds to the annual amount of increased supply that would have been created by a PV
recycling mandate.

2 The costs in this section are all presented as 2026 U.S. dollars.

2* We use a 7-percent discount rate throughout this analysis based on Office of Management and Budget (OMB) guidance
(OMB, 1992).

%5 That is, paying a cost of $92 million per year in perpetuity is equivalent, in 2026 value, to paying an up-front cost of $1.4
billion, assuming a 7-percent discount rate.
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Limitations and Caveats

Our critical mineral analysis is subject to several caveats, including the following:

There is significant uncertainty about the length of a possible supply disruption. For our
calculations, we assume a supply disruption that lasts no more than three years, which is a
conservative estimate based on how long it took rare earth prices to return to normal during
the 2010-2014 rare earth supply disruption (Wilson, 2018). If a shorter supply disruption is
assumed, the cost of the stockpile will be lower. If a longer supply disruption is assumed, the
cost of the stockpile will be higher.

There is also significant uncertainty about how often a stockpile would be used (and thus
would need to be replenished). Drawing on evidence from historical drawdowns of the U.S.
Strategic Petroleum Reserve, we assume that significant drawdowns of the critical minerals
stockpile would happen about once every ten years. However, if the stockpile is used more
frequently than the Strategic Petroleum Reserve, or supply chain disruptions become more
frequent, the stockpile may need to be replenished more often than once every ten years, which
will increase the cost of stockpiling.

We assume that increased secondary critical mineral production from PV recycling would
reduce imports rather than displace primary critical mineral production in the United States.
If there is some displacement, the net increased supply caused by a PV recycling mandate will
be smaller; thus, the size of the equivalent stockpile will be smaller, which would reduce the
cost of stockpiling relative to a PV recycling mandate.

Our analysis assumes that future prices of critical minerals (adjusted for inflation) will be
similar to 2026 prices. If mineral prices rise rapidly, as some commentators have claimed is
likely (Boer et al., 2021), the cost of stockpiling will increase.

Our analysis assumes that future net costs of PV recycling, adjusted for inflation, will be
similar to our recycling cost estimates. If learning effects or economies of scale cause significant
reductions in the cost of recycling, the cost of a PV recycling mandate will decrease. For
example, if we assume that PV recycling costs will decline to $290 per ton by 2040, using the
same methodology, we would find stockpiling to be 22 percent more expensive than a PV
recycling mandate. In contrast, if declining concentrations of valuable materials increase the
net cost of PV recycling, the cost of a PV recycling mandate will increase relative to the cost of
stockpiling.

Our analysis focuses on only materials included in the USGS (2026) critical minerals list.
There is significant disagreement over which materials should count as critical, and thus, our
reliance on the USGS list could prove to be either too inclusive or too exclusive. For example,
advanced PV recycling methods can recover large amounts of high-purity glass (Wambach
and Libby, 2026), which is not included on the USGS critical minerals list and, thus, not
included in our stockpile analysis.”® If high-purity glass were included in the stockpile, it could
significantly increase the cost of stockpiling relative to a recycling mandate.

%6 Note that glass (including high-purity glass) is also not included in the DOE’s most recent list of critical materials (DOE,
undated-b).

19



e There is uncertainty about the critical mineral content of future PV waste streams, because
critical mineral content varies by module type.

Economic Rationales for a PV Recycling Mandate

In addition to the environmental and national security benefits of a PV recycling mandate
discussed above, commentators have argued that recycling has various economic benefits that justify
government intervention to increase recycling rates (Cotton et al,, 2025; Recycling Partnership,
undated). In this section, we analyze each of these purported economic benefits.

Monetary Value of Recovered Materials and Reductions in Resource Depletion

One simple argument for government intervention is that recycling provides an economic benefit
by recovering valuable materials (Recycling Partnership, undated). However, while it is clearly true
that recycling recovers valuable materials, that economic benefit is fully internalized by recycling firms
because they can sell the recovered materials at their market price. This suggests that the economic
benefit of recovered materials does not truly address a market failure and, thus, does not provide a
compelling rationale for government intervention to mandate recycling.”’

A related argument holds that the government should encourage recycling to reduce nonrenewable
resource depletion and, thus, conserve more resources for future use. That is, in addition to the
environmental externalities caused by resource extraction, which were covered in the environmental
rationales section of this report, there could be an additional externality associated with resource
extraction because it exhausts resources that could have been used in the future.”® This idea has been
discussed in the literature, and the results are inconclusive. First, in many standard economic models,
there is no externality associated with resource conservation aside from the reductions in
environmental damage (de Bruyn et al., 2010). In these models, private-sector actors already have
sufficient incentives to conserve resources for future use, because conserving more in the present
means more revenue from extraction in the future. However, some have argued that private-sector
actors overly discount the future relative to the socially optimal rate, which leads to a market failure in
which private-sector actors tend to extract resources too quickly.”” In response to this, others argue
that even if we assume that the private-sector actors discount future revenues too heavily, it is not clear
that reducing resource extraction will benefit future generations, because reinvestment of resource
extraction rents or technological improvements associated with extraction could benefit future
generations.” Finally, in our specific context, a PV recycling mandate could cause a reduction in solar
adoption, which could increase the depletion of fossil fuel resources. Therefore, overall, the evidence is

" To help understand this point, consider a similar industry, such as mining. Like the recycling industry, the mining industry
also produces valuable materials, but this does not provide a compelling rationale for government intervention to increase mining
output because mining firms fully internalize the marginal economic benefit of mined materials.

28 While we have not seen this argument made specifically for a PV recycling mandate, general arguments in the literature for
there being a negative externality from resource depletion (Huppertz et al., 2019; de Bruyn et al., 2010) could clearly be applied
to a PV recycling mandate.

# For more, see Huppertz et al. (2019) and de Bruyn et al. (2010) and the references cited in both.

3% See de Bruyn et al. (2010) and the references cited therein.
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inconclusive on whether resource depletion represents a strong rationale for a nationwide PV
recycling mandate.

Employment Benefit of Recycling

Some have argued that the government should pass policies to increase recycling because it would
create jobs in the recycling industry (Recycling Partnership, undated; Cotton et al., 2025). But
government intervention to boost one sector of the economy often reduces employment in other
sectors, which makes the aggregate effect of the intervention ambiguous (Partridge and Rickman,
2010). Advocates for recycling policy may point to EPA (2020), which finds positive employment
benefits of recycling, but that study used an input-output model, which is known to significantly
overstate the employment benefits of government intervention because it ignores indirect
displacement effects (Partridge and Rickman, 2010).>! Given the theoretical ambiguity on the
employment impact (i.e., positive or negative) and the lack of high-quality empirical evidence, we
conclude that employment benefits do not currently provide a compelling rationale for government
intervention to boost recycling.

Learning Effects and Economies of Scale

Another potential argument for government intervention to boost solar PV recycling is that
government support can improve productivity in the PV recycling industry through learning effects or
external economies of scale. If learning effects or external economies of scale are sufficiently strong,
government support could lead to large reductions in the cost of solar PV recycling, making it cost-
competitive with landfilling. This is a classic argument for industrial policy (i.e., government
intervention to support specific industries), and it is well supported by economic theory (Fernandes
and Reed, 2026). Furthermore, research suggests that industrial policy is most valuable when used to
support new industries, for which solar PV recycling would certainly qualify, because new industries
are more likely to have large learning effects (Fernandes and Reed, 2026). Note, however, that large
learning effects or economies of scale are not guaranteed for emerging industries, as can be seen from
the many historical examples of failed industrial policy.*

So, in theory, large learning effects and economies of scale could offer compelling reasons for
government intervention to increase PV recycling. However, empirical evidence to date provides
mixed results on whether learning effects or economies of scale are likely to be large for PV module
recycling. On the one hand, Wambach and Libby (2026) documents that recovery rates have
improved in recent years and more-advanced recycling methods are being commercialized. On the
other hand, if learning effects or economies of scale were large, we would expect to have already seen
large price declines for PV recycling in recent years, because solar module recycling volumes have
increased significantly (Komoto et al,, 2025; Warren, 2025). But we have not found clear evidence of
significant price declines. The International Energy Agency (IEA) reported in 2025 that the PV

*! Input-output models would also likely suggest that government support for landfilling would increase employment because
they ignore the fact that increased employment in the landfilling industry could come at the expense of employment in other
sectors of the economy.

32 See Fernandes and Reed (2026) and the references cited therein for more details.
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recycling industry still suffers from high costs and low revenues, even in such jurisdictions as the EU
that mandate recycling (and thus should have benefited from learning effects and economies of scale)
(Komoto et al., 2025; Hommel de Mendonga, 2024).?* Given this evidence, as well as evidence that
the amount of valuable materials in solar PV modules is declining over time, it is unclear whether the
cost of PV recycling will ever approach the cost of landfilling. Note, however, that data on PV
recycling prices are very limited, so the conclusions in this section are significantly uncertain. Perhaps
future research will uncover evidence of significant cost declines in PV recycling over time, which
would support the conclusion that learning effects and economies of scale provide a strong rationale
for government intervention in recycling.

Considering a Solar Recycling Subsidy

Our analysis has primarily focused on a nationwide PV recycling mandate. In this section, we
briefly consider an alternative solar PV recycling policy: a subsidy for solar PV recycling. As is
discussed in our policy overview section, the United States has enacted various federal policies to
subsidize PV recycling, including the Advanced Manufacturing Production Credit that is still active as
of this writing (U.S. Code, Title 26, Section 45X).

A subsidy for solar PV recycling could avoid some of the unintended consequences of recycling
mandates that we have previously identified. Specifically, because a solar recycling subsidy does not
increase the lifetime costs of solar power, it would not be expected to decrease solar adoption as would
a PV recycling mandate. As we previously discussed, decreased solar module adoption could cause
increased environmental harm and decreased technological improvements. A solar PV recycling
subsidy would avoid this potential negative consequence.

A subsidy for solar PV recycling could also avoid incentivizing recycling in situations in which the
costs significantly outweigh the benefits. Given the evidence presented in the previous sections on
relatively modest environmental and national security benefits from solar PV recycling, we found it
plausible that, in many cases, the high costs of solar PV recycling outweigh the benefits. A subsidy
could incentivize PV recycling in cases in which the benefits outweigh the costs while preserving
incentives for landfilling in cases in which the costs of recycling outweigh the benefits.

Although a solar PV recycling subsidy has some advantages relative to a PV recycling mandate, it
has one clear downside. Unlike a PV recycling mandate, which imposes costs on the private sector
rather than the government, a recycling subsidy would require direct government expenditure, which
may make it less desirable for some policymakers.

33 The evidence showing that PV recycling is still high-cost in the EU suggests that some estimates of economies of scale are
overoptimistic. For example, one technoeconomic analysis in Australia estimated that recycling would become profitable without
gate fees once a facility reached more than 4,000 tons of recycled material per year (Deng et al., 2024). However, multiple
facilities in the EU have been reported to have recycling rates well above 4,000 tons per year in recent years (Hommel de
Mendonga, 2024; Wambach, Libby, and Shaw, 2024), and yet we have seen no evidence that those facilities, or any other
commercial-scale facilities in the EU, would be profitable without gate fees or outside funding sources.
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Key Findings and Policy Recommendations

In this section, we summarize the key findings of our analysis and offer policy recommendations

informed by our findings. We also identify several developments that could change our conclusions in

the future and that stakeholders should monitor.

Findings

Solar PV waste is unlikely to place a significant strain on U.S. landfills. Although the
volume of EOL PV modules is projected to grow rapidly in the coming decades, it is expected
to remain very small relative to the total amount of waste landfilled in the United States.

In the United States, recycling solar PV modules is currently more expensive than
landfilling them. While evidence is thin on the exact magnitude of the cost gap, every source
that we have examined suggests that recycling is typically more expensive.

Landfilling solar PV modules in the United States does not appear to pose a major
environmental problem. Evidence suggests that landfilling PV modules would not cause
significant environmental contamination, especially landfilling modules with newer designs.
While recycling can reduce environmental impacts by displacing virgin material production,
these benefits are typically found to be small relative to the environmental impact of producing
and using solar PV modules.

By increasing the lifetime cost of solar PV modules, a PV recycling mandate could cause a
small reduction in solar adoption, which could cause unintended environmental harm.
Our analysis of GHG emissions suggests that even though a PV recycling mandate would
cause only a very small reduction in solar adoption, this reduction could be enough to more
than offset the reductions of GHG emissions that PV recycling provides, indicating that a PV
recycling mandate could cause a net increase in GHG emissions. Reduced solar adoption
could also cause significant non-GHG environmental harms, although we have not
quantitatively assessed such outcomes in this report.

Reductions in recycling prices because of technological progress could mitigate concerns
about a PV recycling mandate reducing solar adoption. If recycling prices significantly
decline in future years, a recycling mandate will cause a smaller increase in the lifetime cost of
PV modules, which would reduce the potential impact on solar adoption.

PV recycling can recover many critical minerals, indicating that a PV recycling mandate
could benefit national security by lessening supply chain vulnerabilities. For most of the
minerals in PV modules, the maximum amount that can be recovered is small relative to U.S.
imports, indicating that a PV recycling mandate will only marginally improve supply chain
security. However, for one mineral, tellurium, PV recycling could completely end U.S. import
dependence.

Stockpiling critical minerals may provide similar supply chain benefits as a PV recycling
mandate at a lower cost. Our analysis of stockpiling suggests that it could be a less expensive
option. However, our analysis is subject to enough uncertainty and limitations that we cannot
definitively state the relative merits of stockpiling versus a PV recycling mandate.
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Major economic rationales for a PV recycling mandate have mixed support. Arguments
based on the value of recovered materials and employment effects are not supported by
available theoretical or empirical literature. The strongest justifications involve learning-by-
doing externalities and reduced resource depletion, but even for these, evidence is mixed.

A subsidy for PV recycling could achieve many of the benefits of a PV recycling mandate
while avoiding its potential downsides. A PV recycling subsidy would avoid the concern
about reducing solar adoption, and it would still allow for landfilling PV waste in those cases
for which the costs of recycling are especially high.

Policy Recommendations

Policymakers should consider alternatives to a PV recycling mandate. The net
environmental benefits of a PV recycling mandate are uncertain, but available evidence
suggests that they could be small or even negative for some important outcomes. Alternative
policy options, such as a PV recycling subsidy or policies unrelated to PV recycling, could
offer environmental benefits with more certainty.

If a PV recycling mandate is pursued, policymakers should prioritize minimizing the
administrative compliance costs associated with the policy. High administrative compliance
costs could cause a reduction in solar generation, which could have environmental and
economic costs. Limiting the compliance burden on solar market participants could partially
mitigate this concern.

Policymakers focused on critical mineral supply chain vulnerabilities should consider
stockpiling as an alternative policy. Our analysis suggests that stockpiling could be a lower-
cost way to improve critical mineral supply chain security in the United States.
Policymakers who are concerned about PV waste management should consider funding
improved data collection on the PV recycling market. Available evidence on recycling costs
and non-GHG environmental impacts is thin, especially for advanced PV recycling methods.
Better data would substantially reduce uncertainty about the impacts of PV recycling policies
and support more-informed decisionmaking.

Developments That Could Overturn These Conclusions

The recommendations above are based on available evidence and conditions as of this writing,

both of which could change over time. Stakeholders should monitor the following developments, any

of which could meaningfully strengthen the case for a PV recycling mandate:

Evidence of significantly lower PV recycling prices. Lower recycling prices could reduce
concerns about a recycling mandate reducing solar adoption and would also reduce the cost of
a PV recycling mandate relative to stockpiling. Evidence of a decline in recycling costs would
also suggest that learning effects are large, which would provide a stronger economic rationale
for government intervention.
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Evidence of larger environmental benefits of PV recycling. While several life-cycle analyses
have estimated modest environmental impacts of PV recycling, it is plausible that future
studies could find larger environmental impacts, either by using updated methods or by
looking at more-advanced PV recycling techniques.

A significant increase in critical mineral prices. Higher critical mineral prices would reduce
the net cost of PV recycling, which would reduce concerns about a recycling mandate reducing
solar adoption and the cost of a PV recycling mandate relative to stockpiling.
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Appendix A

Brief Overview of International PV
Recycling Policies

Policy approaches to EOL PV management vary widely around the world. The EU introduced
the first strong regulatory approach to managing EOL PV waste distinctly from other electronic
waste. In 2012, the EU’s WEEE directive promulgated recovery and recycling requirements for PV
waste (European Commission, undated). As of 2019, it requires 85-percent recovery of EOL PV
waste, and 80 percent of that to be prepared for reuse and recycled. Producers are responsible for the
collection, treatment, recovery, and final disposal of EOL PV modules through an EPR initiative,**
although they may achieve the benchmarks either by themselves or by joining a collective of producers
that pay a third-party organization to manage their PV waste. Notably, EPR imposes additional costs
to producers in the EOL phase of the PV life cycle, but the WEEE directive mandates that EU
member states work with producers to finance the collection, treatment, recovery, and disposal of
WEEE. In Germany, for example, EPR costs are offset by investment incentives, such as tax credits,
direct subsidies, and guaranteed purchase agreements through electricity feed-in tariffs (German
Federal Ministry for Economic Affairs and Energy, undated).

A 2025 evaluation of the WEEE directive found that it is effective and remains relevant, although
it should be updated to distinguish PV modules as a separate category of WEEE, because their
lifespan and collection and recycling practices differ from those of other electronic waste. It also noted
continuing general challenges with electronic waste collection and critical raw material recovery, as
well as with establishing a market for secondary raw materials (European Commission, Directorate-
General for Environment, 2025b).

The Republic of Korea adopted the EU’s approach by enforcing an EPR framework. Its Electrical
and Electronic Equipment and Vehicles Act (EEEV, also known as K-RoHS) (IEA, 2022) and
corresponding enforcement decree of the EEEV Act (Republic of Korea, 2013) were introduced in
2007, and the “Legislative Notice of Partial Amendment to the Enforcement Decree of the Circular
Economic and Social Act” (2024) covers all electronic waste, including PV modules. These
mechanisms set the collection and recycling rates based on the quantity of PV modules that have
entered the market in the prior year. Exceptions are made for small businesses, and producers can
decrease their recycling obligation by incorporating recycled materials in PV module production. As
an enforcement mechanism, producers are fined proportionally to the difference between their
recycling rate and the policy’s target recycling rate. Korea uses the Allbaro System to ensure

3* Producers of PV modules in a given member state include domestic producers and distriburors, regardless of distribution
channel, including imports.
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compliance and fairness by tracking the flow of waste through each step of recycling, from discharge
through disposal, in real time (Korea Environment Corporation, undated; Cho and Lee, 2016).

In Japan, producers bear extended responsibility for PV modules, but unlike specific EPR laws for
other consumer products (such as vehicles, packaging products, consumer electronics, and home
appliances; Act No. 87 0f 2002, Act No. 112 of 1995, Act No. 57 0f 2012, and Act No. 97 of 1998,
respectively), PV modules are regulated by broad industrial waste laws (Act No. 137 of 1970).
Guidelines are regularly published to help stakeholders understand the application of waste
management laws (Japanese Ministry of the Environment, 2024). Japan similarly requires producers
to finance and organize the collection and disposal of EOL PV modules, although there are no
requirements on the disposal method, and thus, in practice, most EOL PV modules are landfilled as
industrial waste (“Used Solar Panel Disposal Likely to Be Big Problem in Japan,” 2025). Japan also
has feed-in tariff and feed-in premium programs that incentivize solar power generation through
guaranteed, long-term purchase agreements.”® Each producer is required to hold reserve funds for the
takeback and disposal of its EOL PV modules. As of this writing, these funds are directly withheld
from guaranteed purchase agreements (Matsudaira and Mori, 2024). In April 2026, Japan introduced
comprehensive legislation for mandatory solar module recycling (Japanese Ministry of Economy,
Trade and Industry, 2026; Zenbird, 2026). This legislation includes using “eco-design” principles for
manufacturing, module collection, and recycling processing infrastructure to divert EOL PV modules

from landfills.

35 The Allbaro System is intended to be the “baro”-meter of “all” industrial waste, including, but not exclusively focused on, PV
modules.

36 The feed-in premium system adds a premium to the fixed price from the feed-in tariff system and is gradually replacing the
feed-in tariff system.

27



Appendix B

Details on the GHG Emission
Reduction and Reduced Solar
Adoption Calculations

In the main body of the report, we present estimates for the full impact of a PV recycling mandate
on GHG emission reductions, accounting for the fact that the mandate could reduce solar adoption.
In this appendix, we provide more detail on those estimates.

Reduction in Solar Adoption That Would Offset the GHG Emission
Reduction Benefits of a PV Recycling Mandate

We estimated earlier in the report that a reduction in solar generation of 0.13 percent by 2040
would cause an increase in GHG emissions of about 0.4 million tons of CO,eq per year—enough to
fully offset our baseline estimate of the emission reduction benefit of PV module recycling. We arrived
at that estimate in the following way. First, we need an estimate for how much an additional unit of
solar generation reduces GHG emissions. EPA (2024) estimates that, on average, each megawatt hour
(MWHh) of solar power reduces GHG emissions by 0.61 tons of CO,eq. However, the methodology
used in the EPA (2024) analysis does not account for the fact that average grid emissions could be
significantly lower in 2040 and that many states have cap-and-trade programs that could prevent
increases in solar generation from translating into grid-level emission increases. To account for these
factors, we assume that the impact of solar generation in 2040 on GHG emissions is half that of the
EPA (2024) estimate, or 0.3 tons of COzeq per MWh. This then implies that to increase GHG
emissions by 0.4 million tons per year in 2040, solar generation would have to drop by 1.3 million
MWHh per year. Finally, drawing on projections from EIA (2023), we assume that U.S. solar power
generation would reach about 1,000 million MWh per year in 2040 in the absence of a PV recycling
mandate, which means that a reduction in solar generation of 1.3 million MWh per year translates to
a 0.13-percent reduction in solar generation in 2040.

Impact of a PV Recycling Mandate on Solar PV Module Costs

Using the midpoint of the PV recycling cost range estimated in Warren (2024) and the average
PV landfilling cost estimate from EREF (2025), we estimate that a recycling mandate would increase
EOL PV module management costs by $722 per ton, on average. Next, to convert this increase in
costs from per ton to per kilowatt, we used a capacity-to-weight ratio of 0.017 kW per kilogram based
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on modules from First Solar (2024a) and Trinasolar (2025). We found that recycling increases EOL
PV module management costs by $42.5 per kilowatt. Because these costs will not be incurred until the
end of a module’s 25-year lifetime, the present value of increased EOL management costs at the time
of module installation will be equal to $6.92 per kilowatt, using a 7-percent discount rate. This
corresponds to about 0.53 percent of the up-front capital cost of utility-scale solar capacity, using an
up-front capital cost estimate of $1,300 per kilowatt from EIA (2022a). Finally, because capital costs
are only about 73 percent of the full levelized cost of utility-scale solar generation (EIA, 2022b), an
increase in capital costs of 0.53 percent translates into an increase in levelized costs of 0.39 percent.

Impact of an Increase in Solar PV Module Costs on GHG
Emissions

First, we need an estimate for how much increased PV costs translate into reduced solar PV
generation. EIA (2023) estimates that the clean energy subsidies in the Inflation Reduction Act would
increase solar generation by about 30 percent in the long run (specifically, the projections run through
2050). The Inflation Reduction Act included a production tax credit for solar generation of $0.015
per kilowatt-hour, which was equal to about 42 percent of the levelized cost of solar generation at that
time (EIA, 2022b). We assume that a subsidy has the same impact as a cost reduction of the same
magnitude, so the ETA (2023) results suggest that a decrease in solar generation costs of 42 percent
would increase solar generation by about 30 percent. Assuming that the impact of cost changes scales
linearly, this suggests that every 1 percent of solar cost increase would decrease solar generation by
about 0.73 percent in the long run. This implies that a cost increase of 0.39 percent caused by a PV
recycling mandate would reduce solar generation by 0.28 percent in 2040. Finally, using our earlier
estimates for the amount of solar generation in 2040 and the impact of reduced solar generation on
GHG emissions, we estimate that this reduction in solar generation would translate into increased
GHG emissions of 0.85 million tons of CO»eq per year by 2040.
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Appendix C

Details on the Stockpile
Replenishment Cost Estimate

In the main body of the report, we provide an estimate for the cost of maintaining a critical
minerals stockpile. This estimate factors in the expected annualized cost of replenishing the stockpile.
In this appendix, we provide details on that calculation.

We make the following methodological choices for this calculation:

e  We use a period of three years, because, as we discussed previously, we assume that a supply
disruption would last no more than three years.

e Inany period following a supply disruption, we assume that the stockpile must be fully
replenished at cost R equal to $1.4 billion, the same as the up-front cost of creating the
stockpile.

e  We assume that the probability of a supply disruption in any three-year period, p, is equal to
10 percent. This assumption implies that a supply disruption will occur once every ten years,
on average, which is consistent with the evidence cited in this report.

e  We use an annual discount rate of 7 percent, which is consistent with a three-year discount
rate 13, of 22.5 percent.

We then use the following equation to calculate the expected net present value of replenishment
costs, PV, which is a discounted sum of the expected replenishment costs in each three-year period:*’

t
PV=Z£1@4—)*p*R=p*Rﬁ@w

1+T3yr

Finally, we use the following equation to convert the present value cost into an equivalent
annualized cost, AC:

AC = PV » -2

1+T1yr

where 7y, is the annual discount rate, which we take to be 7 percent. Using the parameter values

given above, these two equations produce an annualized replenishment cost estimate of $41 million.

37 Notice that the infinite sum starts at ¢ = 1 instead of at ¢ = 0. This is because there are no replenishment costs in the initial
period (t = 0). Instead of replenishment costs, the initial period entails the certain up-front cost of creating the initial stockpile
($1.4 billion), which is accounted for in the main body of the report.
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Abbreviations

c-Si
CdTe
CO,eq
DOE
EEEV
EIA
EOL
EPA
EPR
EPRI
EREF
EU
GHG
IEA
K-RoHS
MSW
OMB
PV
TCLP
USGS
WEEE

crystalline silicon

cadmium telluride

carbon dioxide equivalent

U.S. Department of Energy

Electrical and Electronic Equipment and Vehicles Act (South Korea)
U.S. Energy Information Administration

end-of-life

U.S. Environmental Protection Agency

extended producer responsibility

Electric Power Research Institute

Environmental Research & Education Foundation
European Union

greenhouse gas

International Energy Agency

Korean Restriction of Hazardous Substances (informal name for EEEV)
municipal solid waste

Office of Management and Budget

photovoltaic

Toxicity Characteristic Leaching Procedure

U.S. Geological Survey

Waste Electrical and Electronic Equipment (EU directive)
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