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Volumes
Now,
(EOL)
PV in Future
Low Volumes
Now, PV
WasteEnd-of-Life
Will be Significant
Challenge
Will be Significant Challenge in Future
IEA/IRENA, 2016

Global e-waste = 41.8 million metric
tonnes (record set in 2014).
- Annual PV waste was 1000x less
By 2050, PV panel waste could exceed
10% of the record global e-waste.
We don‘t want to repeat mistakes of ewaste – major reputational risk for PV.
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Worst case scenario with no recycling or reuse

Source: Solar Futures Study, DOE, 2021
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Cumulative regional EOL PV glass
through 2050 by scenario

Output from NREL
PViCE model

Source: Environmental and Circular Economy Implications of
Solar Energy in a Decarbonized U.S. Grid, NREL, 2022
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PV End of Life Decision Tree
Including Circular Economy Options
•

•

Source: EPRI, 2018

At end of life
(EOL), circular
economy (CE)
options include
– Repair
– Resale/
donation
(for reuse)
– Recycle
Also
– Storage
– Landfill
NREL | 6

Why Care about Circular Economy for PV?
• Reduce material demands, and the impacts that come with
extraction and manufacture of materials
• Reduce environmental footprint of new products that use
recycled content
• Prevent waste crisis and turn waste into value
• Potential to improve solar’s environmental profile (and image)
• Potential to address historical environmental burdens (EJ), create
new opportunities (like jobs) in the sustainability sector

U.S. Solar Decommissioning Policy Study

Utility-scale solar in the US is expected to quadruple to 240 GWdc by 2040 most
of which is expected to be ground-mounted solar which will be subject to
federal and state PV system decommissioning policies
Source: Curtis et al., 2021d
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Key Results and Conclusions
• High perceived risk may result in prescriptive decommissioning
policies
• Policies can impact construction and operation
approvals/permits, capital costs, and project viability (i.e., lead
to construction delays and even project cancellation)
• Policies can impact performance guarantees, insurance, and
operating costs
• Policies and market conditions can impact decommissioning,
repowering, and equipment EoL decisions
Source: Curtis et al., 2021a; Curtis et al. 2021b
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U.S. Policy Frameworks for Reuse and Recycling
Government-led
•

•
•

Federal, state, local government laws and regulations that
mandate, prohibit, or incentivize a particular action/behavior
(e.g., landfill bans, EPR takeback, universal waste)
Government funded R&D and analysis (e.g., SETO funded
analysis)
Federal, state, local government goals, initiatives, programming

Industry-led
•
•
•

Voluntary global or national industry standards (e.g.,
ANSI/NSF457, SERI R2 Standard, ASTM E3325)
Industry association initiatives, programs (e.g., SEIA Recycling
Program)
Private company policy/programs (e.g., First Solar’s Takeback and
Recycling Program)

Public-private Partnership
•

Partnership/agreement between government and private
company/foundation/nonprofit to provide a public
service/product (e.g., Butte County and Santa Monica, CA pilots)

Source: Curtis et al., 2021a; Curtis et al. 2021b
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U.S. Government-Led Policies for Reuse and Recycling
Federal
•
•

Government-funded R&D analysis
Government agency forums/webinars

State
•
•
•
•
•
•

Extended producer responsibility (WA, IL, RI,
NY, MD, MN)
Universal waste regulation (CA, HI, WA, MN,
NC, NY)
Commissions to study (MN, IL, CA, NC, NJ, IL,
HI, CA)
Landfill ban (AZ, NC)
Fee for installation (MD)
Decommissioning requirement (NC)

Local
•

Extended producer responsibility (Niagara
County, NY)

Source: Curtis et al., 2021a; Curtis et al., 2021b

*bold = enacted policy; normal
= pending (unenacted); italics =
historic proposed legislation
(failed/unenacted); underline =
nuances
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Future Policy Considerations
•

Other policy models
-

Ex. Standard decommissioning cost model
Ex. Lead-acid battery alternative regulation,
WA recycling exclusion
Ex. Ratepayer model
Ex. Sales tax model

•

Does not have to be just one policy
mechanism/type

•

Language matters – if you call it “waste”,
this carries legal ramifications and
implies lack of confidence for second
use

What can we learn from other
industries and countries, with more
mature reuse and recycling markets?

Source: Curtis et al., 2021a, Curtis et al., 2021b, Curtis et al., 2021c, Curtis et al, 2021d
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Enacted State Policies

Solar Photovoltaic Module
Recycling: A Survey of U.S.
Policies and Initiatives
(NREL/TP-6A20-74124).

(2017) Washington State PV Module Stewardship and Takeback

Program
• Manufacturers are required to finance the takeback and recycle,
or reuse of PV modules sold in the state after July 1, 2017 at no
cost to the owner (beginning July 1, 2023)
(2019) North Carolina Commission to Study and Adopt Regulations
to Govern the EoL PV Module Management
• The Environmental Management Commission must study and
adopt rules to govern the management of decommissioned PV
modules in utility-scale solar projects
(2019) California Proposed Regulation (R-2017-04)
• Allows discarded PV modules that are classified as hazardous
solid waste to be managed as universal solid waste, a less
stringent regulatory requirement
(2019) New Jersey Commission to Investigate Options for EoL PV
Recycling
• Created Solar Panel Recycling Commission to study and provide
recommendations for recycling PV modules to inform future rules
and regulations
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US PV recycling costs Empirical data
•

Price charged to recycle: $25-30/module (EPRI,
2018) based on anecdotal information collected by
EPRI members reflective of ~2017
–

Since then we’ve collected some additional evidence
(still anecdotal) and the top end of the range has
increased to $45/module

•

Potential recovered value: $15-20/module (EPRI,
2018)

•

There are few recyclers accepting PV module
(about 16 recycling facilities are part of the SEIA)

•

Recycling costs are an order of magnitude higher
than landfilling costs

•

However, if module were always considered
hazardous waste, recycling could be competitive
(EPRI, 2018)

Image source:
https://www.seia.org/
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Questions
1

What is decommissioning and when does it occur?

2

What activities are part of decommissioning?

3

Who is responsible for decommissioning?

4

How do communities impact decommissioning standards?

5

What happens to components once they’re removed?

6

What’s being done to reduce wind energy waste?

7

How can I learn more about wind energy decommissioning?
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What is decommissioning and
when does it occur?
Decommissioning is the
removal of a wind energy
project (wind turbines and
associated infrastructure). It
also includes the restoration
of any land that is used as
part of a wind energy project.
Decommissioning typically
occurs at the end of a wind
energy project’s operational
life or when a project is fully
repowered.

Photo by Werner Slocum, NREL 51747
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What activities are part of
decommissioning?
Decommissioning activities may include:
• Turbine removal and component
disassembly (blades, nacelle, towers)
• Salvage, disposal, recycling
preparation and transport
• Foundation demolition and removal
• Access road removal
• Substation removal
• Overhead line removal
• Underground line removal
• Land restoration (de-compacting
land, reseeding vegetation, and
replacing damaged drainage tiles.)
Photo by Werner Slocum, NREL 51752
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Who is responsible for
decommissioning?
Project owners commit to
being responsible for the
cost of wind turbine
disassembly, off-site
disposal, and/or recycling
of project-related
components and materials.
They also commit to being
responsible for site
restoration.

Photo by Werner Slocum, NREL 51765
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How do communities impact
decommissioning standards?
Communities can require
project developers or owners:
• Post some form of financial
assurance for
decommissioning
• Restore the land to agreedupon conditions
• Define a removal depth for
below-ground
infrastructure
• Define decommissioning
timeline.

NREL 16521
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What happens to components
once they’re decommissioned?
When wind turbine
components and project
related infrastructure are
taken out of use, they can be
processed through one of
three methods:
• Repurposing
• Recycling
• Disposal

NREL 16737
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What happens to components
once they’re decommissioned?
80% - 92% of a wind turbine’s
mass consists of metals that
are easily recycled.*
6% - 14% of a wind turbine’s
mass consists of composite
components that are
currently more difficult to
recycle.**

Photo by Werner Slocum, NREL 51768
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What’s being done to reduce wind
energy waste?
Companies are introducing
new recycling/repurposing
methods to responsibly
process currently deployed
blades.
Researchers are also working
on developing new blades
that are specifically designed
to be recycled

Photo by JŸrgen Winzeck / Siemens AG, NREL 22201
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How can I learn more about wind
energy decommissioning?

windexchange.energy.gov
Land-Based Wind Energy Siting: A Foundational and Technical Resource (2021)
Phase One: Land-Based Wind Energy Lifecycle Toolkit (Q4 2022)

NREL | 10

Thank you!
www.nrel.gov

Photo from iStock-627281636

References
*Delaney, Emma L., Jennifer M. McKinley, William Megarry, Conor Graham, Paul G. Leahy, Lawrence C.
Bank, and Russell Gentry. 2021. “An integrated geospatial approach for repurposing wind turbine
blades.”
García Sánchez, Rosa, Alexandra Pehlken, and Marco Lewandowski. 2014. “On the Sustainability of Wind
Energy Regarding Material Usage.”
** García Sánchez, Rosa, Alexandra Pehlken, and Marco Lewandowski. 2014. “On the Sustainability of
Wind Energy Regarding Material Usage.”
Tota-Maharaj, K., McMahon, A. 2021. “Resource and waste quantification scenarios for wind turbine
decommissioning in the United Kingdom.”

NREL | 12

Battery Life Cycle Management

Tom Newhall
Chief Operating Officer
Renewance, Inc.

Environmental Business Council of New England
Energy Environment Economy

Battery Lifecycle Management

RENEWANCE PROFILE
• Founded in 2015 by former GE Energy
Storage colleagues passionate about cradleto-grave stewardship of industrial batteries.
• Expertise developed by the deployment and
subsequent decommissioning, collection and
recycling of sodium-based batteries on 20+
countries.
• Successfully decommissioned and recycled 50
MWh of LIB based Stationary Energy Storage
Systems.
• Service Partner for Tier 1 battery OEM for
commissioning, maintenance, warehousing
and EOL management.
• Actively engaged with Tier 1 shipping/logistics
company to repurpose batteries from electric
truck fleet in second-life applications
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BATTERY LIFECYCLE
MANAGEMENT
1. Common Myths, Misconceptions
2. Define “End-of-Life”
3. Why does it matter?
4. Typical ESS Decommissioning
Process
5. How much does it cost?
6. Takeaways
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COMMON MISCONCEPTIONS
MYTH

REALITY

•

End of Life for a new stationary energy storage
system is 15+ years away.

•

False. Battery failures occur throughout the
lifecycle. Batteries may be damaged during
installation and premature failures occur
throughout the operating life.

•

There is residual value in the battery (i.e., a
credit will be provided when batteries are
recycled).

•

It depends. Batteries with residual capacity
>70% may be viable in a second life application.
Recycling cost is dependent on chemistry, form
factor, condition. System decommissioning will
be a net pay.

•

The OEM (or Integrator) will manage the
batteries at end of life.

•

Not typical, but depends on contract terms.
Regardless, the owner is considered the waste
generator and retains certain regulatory
obligations.

•

I can do it myself

•

Possibly, but it is harder that you may think
(more to follow).
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DEFINE “END-OF-LIFE”
• End-of-life is commonly associated system end
of life (10, 15, 20 years).
• End-of-life for a battery is typically with when the
battery becomes “waste”.
• A battery is considered waste at the point when
it is intended to be discarded.
• A battery can become waste during installation
(damaged) or during operation (premature
failure). The same waste requirements apply to
these situations. In other words, “end-of-life” for
a battery can happen anywhere in a project
lifecycle.
NOTE: A battery that reaches the end of its first application but is intended to be
reused is not considered waste.
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WHY DOES IT MATTER?
• Lithium-ion batteries that are considered products are handled as hazardous
material. US DOT governs hazardous materials handling and transport (49 CFR
100-185).
• Lithium-ion batteries that are considered waste must be managed as hazardous
waste. US EPA Resource Conservation & Recovery Act (40 CFR 260-273) governs
the management of hazardous waste.

̶

̶

̶

Intact batteries (battery or cell casing not breached) are considered Universal
Waste - special classification of hazardous waste, subject to a streamlined set
of requirements intended to promote recycling.
Leaking batteries are not permitted to be managed as Universal Waste.
Waste regulations trigger additional requirements
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WHY DOES IT MATTER?
• The owner/operator of the system is generally considered the waste generator and
is subject to certain waste management requirements such as:
Accumulation quantity limits, triggering

Employee training

Accumulation time limits

Record retention

Marking/labeling

• Waste generator responsibilities don’t necessarily end when waste is shipped offsite. US EPA Comprehensive Environmental Response, Compensation and
Liability Act (CERCLA) preserves financial liability of contaminated site cleanup on
those who arranged hazardous waste disposal.
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TYPICAL ENERGY STORAGE SYSTEM DECOMMISSIONING

Regulatory Compliance
• Evaluate local jurisdiction
• Comply with waste
handling requirements
• Obtain required permits

Record Retention
• Objective Evidence of
proper waste handling
• Mandatory retention
period

Pre-Decommissioning
• Collect documentation
• Recycle/reuse assessment
• Conduct required training
• Execute site preparation

Recycling or Reuse
• Identify qualified recyclers or
reuse applications
• Multiple recycling
technologies based on
chemistries

Transportation
• Class 9 universal waste
• Bill-of-lading with shipper
certification

Decommissioning
• Electrical work and labor
• On-site heavy equipment
• Project management

Packaging
• Packaging driven by end use
(recycling or reuse)
• Damaged batteries subject to
more stringent requirements
• Trained Hazmat handlers
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WHAT WILL IT COST?
Biggest Cost Drivers
Disconnection & disassembly of the ESS and related balance of plant
Transportation – maximize full truckloads, time-critical but difficult to coordinate
Site Restoration - varies considerably by project

Dependent on Chemistry, Form Factor, Condition
NCM – slight credit to breakeven, LFP - $0.50-$1.00 per pound
Cells – optimal pricing, Modules, Packs: Potential disassembly costs
Damaged, leaking – limited outlets, increased shipping & handling costs

Balance of Plant
Processing other material (inverters, transformers, switchgear, etc..) are
close to break-even.
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TAKEAWAYS

Proper end-of-life planning starts at
beginning of life. It can happen anywhere
within the project lifecycle.
Track your assets throughout the lifecycle.
Good BOL baseline will enable more efficient
and effective EOL management.
Know your obligations – if you intended to
discard the batteries they must be
managed accordingly.
Know your partners – improper treatment or
disposal of waste could potentially be your
problem.
Start planning for the realities, don’t be
misled by the myths.
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Scan to visit our website
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Legal Issues and Challenges
for Decommissioning
Renewable Energy Projects
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WILMERHALE

The Issue . . . And Opportunity
-

Early 2000s proliferation of US
renewable energy generation
projects with typical lifespan of
20-30 years
-

-

Nearing inflection point:
repower, or
decommission?

Industrial materials disposal
and recycling
-

Particular challenges
associated with wind
turbine blades

-

Repurposing of project sites

-

Legal challenges

WILMERHALE

Overview of Current Regulatory Landscape
• Decommissioning and Bonding Requirements
•

Local, State, Federal

•

Solar vs. Wind

• Solar Panels and Wind Turbines as solid waste?
• Case Study: Evolution of Decommissioning Provisions

WILMERHALE

Solar Decommissioning
• Federal, state, local—with more on the way
• Solar decommissioning plans typically include:
ü Projected lifespan
ü A site reclamation plan, a restoration plan, or both
ü Plans for transportation, salvage, and disposal/recycling of project equipment
(e.g., modules, inverters, supports, and cables)
ü Cost estimates or plan for same
ü Estimated timelines for completion of decommissioning activities (NYSERDA 2020)

• Financial Assurance

WILMERHALE

Financial Assurances Refresher

WILMERHALE

State Solar Decommissioning Policies

WILMERHALE

State Requirements for Solar Financial Assurance

WILMERHALE

Federal Solar Decommissioning and Financial Assurance
- Project proponent must submit a
decommissioning plan and proof
of financial assurance to BLM
prior to approval for a grant or
right-of-way to use BLMmanaged land.
-

Decommissioning plan must
include a description of the
reclamation and restoration
activities as well as a reclamation
cost estimate.

-

Financial assurance must be
established in the form of a bond.

WILMERHALE

Wind Decommissioning Policies
• Federal
•

Onshore: Bureau of Land Management

•

Offshore: Bureau of Ocean Energy Management
• Address Decommissioning Plans in COPs
• Designation of Removal Obligations

• States: currently somewhat rare, wind-specific laws mainly only in
western states (MT, OR, WY, SD, TX).
•

Decommissioning policies applied to other energy sources sometimes employed.
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Wind Financial Assurances and Bonding
• Federal: BLM / BOEM Financial Assurances
•

BOEM is currently working to develop new financial assurance regulations
governing all offshore energy projects.

•

For now, BLM rules apply.

• States that have established laws and regulations governing wind often
require financial assurances through bonding.
•

Can be upfront before the project is built.

•

Or delayed to give the project time to accrue revenue (e.g., Montana).

WILMERHALE

Solid/Hazardous Waste Challenges for Solar
• U.S. federal, state, and local solid waste, hazardous waste, and universal waste
statutory and regulatory requirements may apply to recycling and disposal of PV
equipment and manufacturing scrap.
• Federal solid and hazardous waste regulations (i.e., RCRA) apply to solar
panels when they are discarded.
• If classified as Solid Waste: RCRA largely allows state and local governments to
regulate
• If classified as Hazardous Waste (sometimes): RCRA imposes burdensome
federal disposal requirements.
• Depends on concentration of metals in the solar panel and whether it will be recycled.

WILMERHALE

Solid Waste Challenges for Wind
• Turbine blades pose a particular
challenge.
• Technology advancements are
leading to larger wind turbines,
creating an even bigger challenge
for end-of-life disposal.
• Currently no federal laws, but EPA
has power to regulate under RCRA.
• No state laws targeted at wind
waste disposal.
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Case Study: Evolution of Decommissioning Provisions
Initial application:
• Triggering events
• Removal provisions
• Turbines and aboveground features
• Subsurface installations
• Decommissioning cost
estimate
• Successors & Assigns

WILMERHALE

Case Study Continued
Project approval: requires
agreement between
approving entity and
developer, to include
decommissioning provisions

Agreement: mirrors
Agreement:
application commitments;
adds cost estimate and
financial assurance
requirements

WILMERHALE

Recent Litigation related to Wind Project Decommissioning

WILMERHALE

Legal Concerns in Wind and Solar Decommissioning
Decommissioning
•

Evolving area: need to closely track developments

•

Early and sustained engagement to ensure policies help rather than hinder renewable
development.

Bonding
•

Balancing financial support for decommissioning with potential chilling effect on project
development …. If bonding requirements are too high and are required before energy
generation begins, then this can hamper wind and solar development.

•

Delayed bonding requirements allow projects to begin generating revenue before
bonding is required.

Disposal
•

Some panels may be considered hazardous waste.

•

Need for clarity on solid waste rules applicable to wind project components.

WILMERHALE
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