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Preface

Municipal solid waste (MSW) recycling programs play a crucial role in the U.S. waste
management system, aiding in the reduction of waste disposed and the conservation of resources. These
programs also drive economic activity and provide other social and environmental benefits. While most
contemporary MSW recycling activities are local programs by nature, they are also impacted by policies
and economic forces at the state, national, and international levels.

These programs face a multitude of challenges today that complicate their stability, efficacy, and
economic efficiency. Some of these are historic challenges for the recycling industry—for example,
contamination in the recycling material stream and securing suitable end markets for recycled materials.
Meanwhile, new challenges have arisen over the past few years—for example, adapting to the impacts of
the COVID-19 pandemic on the recycling industry and a changing international policy landscape that
have placed additional limits on end markets for recycled materials.

Considering these challenges, the task of this committee was to assess the costs of MSW
recycling programs in various contexts and to identify policy options to facilitate the effective
implementation of these programs. As this report details, public policy is an invaluable tool in addressing
these challenges and in shepherding solutions to the various challenges faced by MSW recycling
programs. Well-designed policy at different levels of government can ultimately support the communities
that administer recycling programs and can unlock the benefits they provide.

This report explains several major findings. First, many of the environmental benefits of local
recycling spill over jurisdictional boundaries to the rest of the state and nation. No local government can
be expected to shoulder the entire cost of providing these diffuse benefits, so they need additional
financial help. Second, this financial help can be in the form of targeted incentives such as grant-making
or policies that shift costs to producers to do the right kinds of recycling. However, beyond financial
challenges, consumer behavior must also be modified to overcome recycling challenges, in some cases
simply by providing more and better information to consumers and businesses. And third, a significant
challenge in overcoming obstacles to effective MSW recycling programs is the heterogeneity across the
industry. These differences include local material streams, local economies, proximity to end markets,
existing infrastructure, geography, cultures and norms, and more. These forms of heterogeneity all impact
outcomes of decision-making about options related to administering effective MSW recycling programs.
Still, the committee has identified policy options and several recommendations to support these programs
at all levels moving forward.

This report is the result of the committee’s deliberations. It describes the committee’s consensus
conclusions and recommendations, and it identifies key policy options based on extensive information
gathering, committee discussions, and input from a variety of experts who work in the MSW recycling
industry. The committee met twice in-person over the course of its study and held several additional
virtual information gathering meetings in 2024.

We thank the U.S. Congress for requesting this report, because it recognizes both the importance
of recycling programs in meeting many of the waste management goals our nation has set as well as the
need to identify and deploy novel policy solutions to support them. We also thank the U.S. Environmental
Protection Agency, which sponsored the study.

The work of this committee was supported by several National Academies staff members. We are
particularly grateful to Lyly Luhachack, Andrew Bremer, Thomasina Lyles, Natalie Armstrong, Anthony
DePinto, Liana Vaccari, and Ray Wassel for their efforts.

Finally, we thank our fellow committee members for their hard work and contributions to the
development of this report, and for offering their insight and expertise in our many discussions.
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Preface

Especially important is the cross-disciplinary nature of the committee—which was composed of
engineers, economists, and industry experts in MSW recycling programs. We enjoyed the many fruitful
discussions, and we are grateful for the opportunity to engage with and learn from our colleagues. They
all enhanced the outcomes of this study.

Don Fullerton, Co-chair
Debra Reinhart, Co-chair

Committee on Costs and Approaches for Municipal Solid Waste Recycling Programs
June 2025
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Summary

The municipal solid waste (MSW) management system in the United States is a complex and
distributed system that has evolved over time in response to policies, materials managed, infrastructure
and technology, and actors at local, regional, state, national, and international levels. MSW is generally
defined as the non-hazardous solid waste generated by the residents, commercial businesses, and
institutions of a community. It excludes industrial and construction waste. In 2018, the United States
generated approximately 292 million tons of MSW annually, most of which (about 68 percent) were not
recycled or composted.' Other studies have found that as much as 79 percent of recyclable material in the
MSW stream is not actually recycled, because of factors such as the material not being targeted for
recycling, not being economically viable to recycle, limited access to recycling programs, and low
participation rates.

Figure S-1 depicts a generalized process for a MSW management system with consideration of
the actors and materials involved. This includes subsystems for (1) production and manufacturing, (2)
waste generation, (3) waste collection, and (4) sorting and processing. The collection, processing, and
marketing of recyclables are interdependent components, and each must be considered when designing
and operating a recycling system since they affect one another. For example, changes in collection
methods and materials collected will impact the design and operation of the materials recovery facility
(MRF); how the MRF is designed and operated will determine whether materials will be produced that
meet market specifications; and changes in market requirements may lead to changes in how materials are
collected and processed.

In support of improving recycling outcomes, this study, authorized by the Consolidated
Appropriations Act of 2022, reviews available information on programmatic and economic costs of MSW
recycling programs in municipal, county, state, and tribal governments and provides advice on potential
policy options for effective implementation. The focus of this work was on publicly accessible data on the
policies and systems in place that relate to the collection, sorting, processing, transport, and sale of
recyclable materials, especially those that are traditionally processed in MRFs. Additionally, the report
presents several case studies to illustrate how local conditions impact the design, cost, and effectiveness
of MSW recycling programs and provide context to inform policy.

Benefits and Challenges of Recycling Programs and the Role of Policy

Recycling involves choices by households, businesses, and many levels of government. The costs
associated with managing MSW recycling may require public policy at local, state, and national levels to
address financing of these systems effectively. While some recycling programs can be sustained through
local policy and resources, others face difficulties such as high infrastructure costs and fluctuating
commodity values for recyclables. Smaller municipalities, especially in rural areas, may struggle to
achieve economies of scale, making recycling programs financially unsustainable without external
support. Markets alone do not provide the necessary incentives for households, businesses, or local
governments to engage in effective recycling practices. Heterogeneity—including a broad range of
differences across costs, benefits, existing capabilities, material volumes, transportation distances, access
to end markets, and cultural norms across regions—is a significant factor in recycling programs,
complicating the policy needs.

! This Summary does not include references. Citations for the information presented herein are provided in the main
text.
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FIGURE S-1 A simplified system diagram for municipal solid waste management systems primarily highlighting
processes and materials discussed in this report.

NOTES: Other non-residual organic products (e.g., animal feed, energy) may result from treatment of organics but
are not discussed in this report. MRF = materials recovery facilities.

Despite these challenges, well-designed and supported MSW recycling programs hold many
benefits. These programs can lead to measurable economic gains and the circular economies they enable
create jobs, promote business development, and provide further positive social impacts for communities
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across the country. In addition to economic gains, associated environmental benefits include reducing use
of non-renewable virgin materials, reducing use and extending the service life of landfills, and reducing
greenhouse gas emissions.

Local, state, or federal government intervention through public policy can significantly improve
the efficiency, affordability, and accessibility of recycling initiatives. Tailored national policies that
address regional and local constraints and provide targeted support can enhance the effectiveness and
sustainability of recycling programs across the United States. After consideration of available information
on MSW recycling programs, the committee determined that it is helpful to identify and articulate the
objective(s) that effective recycling policy is designed to achieve.

Conclusion 3-3: Effective recycling policy targets some or all of the following objectives:

1. Enhance end markets for recyclable materials

2. Provide stable financing of recycling systems

3. Clarify information for consumers, including what is recyclable, how to recycle, and which
products best support recycling goals

Track and evaluate recycling activities through improved data collection and distribution
Increase the cost-competitiveness of recycled materials (relative to virgin material inputs)
and of recycling (relative to landfilling)

Improve access to recycling collection and processing

Increase the cost effectiveness of recycling collection and processing

Decrease contamination of postconsumer recycling streams

Enhance social and environmental benefits associated with recycling

0. Maintain affordability, without undue burdens on low-income households

N

~ 0 % NS

Evaluation of the Effectiveness of Policies and Programs

Recycling goals may be used to identify benchmarks, measure progress, evaluate success, and
simplify the communication of a policy or program’s purpose to important stakeholders (e.g., constituents
and citizens of a community, businesses, company shareholders). The most widely used metric for
evaluating recycling progress remains the U.S. Environmental Protection Agency’s 2020 “MSW
recycling rate,” calculated as the total weight of recycled MSW divided by the total weight of generated
MSW. The popularity of this metric stems from its simplicity and applicability across states and regions,
making it accessible to a range of stakeholders. In general, however, weight-based recycling rates and
material-specific rates are incomplete metrics for recycling efficiency because they do not adequately
account for changes in packaging material composition, waste reduction efforts, and all costs and benefits
of using and reusing materials over their life cycle (e.g., economic, social, environmental costs and
benefits). Compared with using only weight-based metrics, a sustainable materials management approach,
which includes consideration of weight-based recycling, provides a more complete picture of the costs
and benefits of using and reusing materials across their life cycles.

Recommendation 2-1: Goals for recycling policy should expand beyond weight-based
recycling rates to include informative metrics for sustainable materials management. To
support these efforts, the U.S. Environmental Protection Agency should study how to
combine multifaceted sustainability goals into an overall policy framework, provide guidance
for state and local governments to set and measure progress toward those goals, and use this
information to evaluate progress. National recycling goals should be material specific but
flexible to account for heterogeneity across regions and municipalities. These goals should
include environmental, social, and economic targets, including cost-effectiveness. Goal-

2 The conclusions, recommendations, and policy options in this Summary are numbered according to the chapter of
the main text in which they appear.
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setting should be leveraged to design a policy framework and set new national recycling goals
using best practices such as life cycle assessment and SMART (specific, measurable,
accessible, relevant, and time-bound) metrics.

Recommendation 2-2: The U.S. Environmental Protection Agency (EPA) should enhance
data collection and reporting efforts related to municipal solid waste (MSW) and MSW
recycling programs to fill significant data gaps, to ensure sufficient and contemporary data
are available to inform policy decisions, and to aid in developing and evaluating recycling
goals based on sustainable materials management. These efforts should include appropriate
input from stakeholders including other federal partners; state, local, and tribal
governments; and industry partners. Additionally, EPA’s efforts should include:

Updating its publicly available website on at least a biennial basis with national-level facts
and figures about materials, waste, and recycling. Where possible, this information
should expand from input-output modeling figures to include direct observational data.
Where necessary, EPA should continue to provide sufficient funding for collecting and
reporting these data.

Developing standard definitions of recycling and methodologies on data collection and
reporting for recycling and MSW generation. These definitions and collection
methodologies should distinguish between pre- and postconsumer recycling and
differentiate between open- and closed-loop recycling. This public information should
include, at a minimum, material-specific data on MSW generation, recycling, composting
and other food and yard waste management, combustion with energy recovery, and
landfilling. To the extent possible, these data should also be reported at regional, state,
and local levels.

A summarized list of data needs and their uses are provided in Table S-1. This list is not exhaustive
but is representative of the need to improve data availability for decision making.

Key Policy Option 2-1: The U.S. Environmental Protection Agency (EPA) could support studies
to update or otherwise fill missing data gaps to ensure sufficient data are available to inform policy
decisions on recycling. These include:

Tracking household time spent by single and multifamily households on recycling to support
more complete and accurate estimates of the economic and social costs of recycling and ensure
that life cycle assessment models are as current and accurate as possible.

Regularly collecting and reporting direct observations of household and commercial behavior
related to recycling. In addition to filling knowledge gaps, these data would complement top-
down modeling in the recycling system and enable empirical study of the impact of public
policy. As part of these efforts, EPA could consider a periodic household and commercial
survey for waste and recycling akin to the Energy Information Administration’s Residential
Energy Consumption Survey.

Financing of Recycling Programs

Financing of the recycling system in the United States comes from both private and public
sources. Typically, local governments, households, and commercial establishments pay for recycling
collection and processing with limited funding from state or federal sources. Some local governments use
a “general fund” approach in which recycling does not have a dedicated revenue source and is funded
along with other categories of expenditure. Other municipalities rely on an “enterprise fund” approach by
collecting fees for recycling (or for recycling and garbage collection together), sometimes as an item on
property tax bills or utility bills, or as an explicit charge for businesses. By contrast, businesses typically
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hire and directly pay for private waste management companies to provide their recycling services rather
than relying on government systems. This traditional financial approach includes four considerations:
incentives for recycling, cost control, risk management, and distribution of financial burdens.

TABLE S-1 Summarized List of Data Needs and Their Uses for Recycling Approaches

Domain

Data/Units (where applicable)

Purpose and Use of Data

Primary Actors to Collect
and Report Data

Product characteristics

e Product recyclability,
composition, recycled content

e Aggregate producer sales
records by NAICS code and
region

Ensure that related policies (e.g.,
EPR/PRO, interventions, product
bans) are working, support
recyclable labeling, project future
material flows

EPA, manufacturers, U.S.
Census Bureau, Federal
Reserve Board, Bureau of
Labor Statistics

Waste generation and

e Timely solid waste generation

Help advance the understanding of

EPA, states, local

recycling programs
e Capital costs, operating costs,
revenue

programs, recycling capacity, level
of consumer access and
participation, and fiscal stability

composition estimates, bin survey results how the recycling system is governments
for major composition performing, estimate level of
categories (tons/year) contamination in recycling
streams, complete LCA and LCI,
evaluate recycling goals
MSW recycling systems | e Number and capacity of Evaluate the availability of States, municipalities, local

MRF owners

System costs

¢ Distribution of system capital
costs and operating costs

e Performance versus cost
histories for reporting MRFs

e Consolidated fossil fuel and
other virgin material taxes and
subsidies

Estimate consumer cost of
recycling more completely and
accurately

Local government, compiled
by each state

State policies and rules

e MSW facility operating rules
and reporting requirements

e Economic Incentives (taxes/
subsidies)

e Listing and brief description of
state recycling targets, tipping
fee surcharges, recyclable
content goals, recycling rates,
public participation rates

e EPR data

Identify the objectives, economic
impact, and constraints of
government policy

EPA, state,
nongovernmental
organization, and industry
experts on policy and
regulation

Technological
innovation

Descriptions and inventories of

new MRF technologies, sorting

technologies for consumers, and
new patents

Understand how recycling
performance could improve in the
future

MSW research and
development experts from
industry

Environmental impacts
and improvements

Input data for LCA and LCI;
greenhouse gas emissions and air,
water, land pollutants from waste
and recycled material transport and
processing; exposures and health
impact estimates (environmental,
economic, and social metric units)

Ensure LCA and LCI are updated
and accurate

EPA

continued
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TABLE S-1 continued

Municipal Solid Waste Recycling in the United States

Domain

Data/Units (where applicable)

Purpose and Use of Data

Primary Actors to Collect
and Report Data

Inventory of recyclable
and recycled materials

Performance metrics, including
fraction recycled (tons/day) and
other impact-based indices

Improve markets and enable
potential buyers and sellers of
materials to be matched more
easily

Local governments, MRF
owners and operators, states

Consumer knowledge
and behavior

e Household and establishment
survey on waste and recycling

e Summaries of survey studies in
literature (links to key studies
and papers)

Provide regular direct observations
of household and commercial
behavior; improve the ability to
evaluate the empirical impacts of
public policies; measure social
impacts of recycling, including
health, distribution of programs;
evaluate true cost and benefits of
recycling

EPA - Surveys and bin
audits measuring behavior
and contamination; local
governments

Macroeconomic impacts

e Recycling process data
describing inputs to recycling
supply chains

e Jobs associated with recycling
and composting

e Commodity values over time
(i.e., price of scrap and

recycled materials per ton)

Survey recyclers to enable
estimates of material flowrates,
enabling estimations of material
availability; evaluate recycling
impacts on economy

States, manufacturers

NOTE: EPA = U.S. Environmental Protection Agency; EPR = extended producer responsibility; NAICS = North
American Industry Classification System; LCA = life cycle assessment; LCI = life cycle inventory; MRF = materials
recovery facility; MSW = municipal solid waste; PRO = producer responsibility organization.

An emerging financing model, extended producer responsibility (EPR), alleviates financial

burden on local governments by shifting residential recycling costs to producers who pay for their share
of recycling collection and processing costs. These EPR financing rules differ from the original concept
of EPR, which is most directly embodied in an “individual”—or “take-back”—policy, in which
manufacturers are required to reclaim their own product packaging and eventually the product itself once
it has reached the end of its useful life. Fullerton and Wu’s (1998) economic model captures these
incentives by demonstrating how market equilibrium—achieved when firms’ production choices align
with consumers’ purchasing and disposal decisions—can drive optimal product design, output, and
packaging choices, accounting for external disposal costs. Existing “collective” EPR laws provide
financing but do not capture all these individual incentives. They also vary greatly by state, and the
economic impact of EPR also varies depending on the scope of the law.

If properly designed, these systems may provide incentives for producers to reduce packaging
volumes and increase recyclability of packaging and products.

Recommendation 4-1: The United States should increase reliance on extended producer
responsibility (EPR), which should cover packaging and expand to other materials as
appropriate. EPR policies should include eco-modulation to create economic incentives for
manufacturers to design for recyclability, and funding streams for recycling systems and
infrastructure. State governments should enact EPR policies to account for regional
heterogeneity but should be supported and informed by a national framework with
guidelines.

Key Policy Option 4-1: The U.S. Environmental Protection Agency (EPA), with appropriate

funding and authority from Congress, could develop and facilitate a national extended producer
responsibility (EPR) framework, as outlined in its 2024 report National Strategy to Prevent Plastic
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Pollution. If it pursues this framework, EPA should consult with state, local, and tribal
governments; nongovernmental organizations; industry; and other relevant partners. This
framework should provide guidelines on key elements of state-level EPR policies and recommend
minimum state-level standards and best practices. A national framework should provide as much
consistency across states as possible and support multistate efforts, while allowing for state-level
variation in targets, fees, covered materials, and methods to reflect heterogeneity in costs and
benefits across states.

Key Policy Option 4-2: State governments could enact extended producer responsibility (EPR)
policies, informed by any minimum standards provided by the U.S. Environmental Protection
Agency. State-level needs assessments should identify gaps in current services and programs and
serve as a basis for setting EPR fees. Within an EPR framework, state governments could consider
policies, such as recycled content standards, to enhance end markets for recyclable materials.

One of the primary objectives of MSW management programs is to make it easy and convenient
for residents to recycle. Achieving this objective is a key reason why curbside collection services are
provided on a regular basis to single-family residences. While this type of service can be provided more
cost-efficiently to residents in urban and suburban communities, curbside collection may be cost-prohibitive
for many tribal and rural communities because of their low population density and long distances between
households. Alternative funding mechanisms for rural recycling areas include dedicated financing
generated from statewide federal grants such as the Solid Waste Infrastructure for Recycling programs,
state-level EPR policies that promote recycling programs in rural areas, and landfill tipping fee surcharges.

Conclusion 4-2: State-based land(fill tipping fee surcharges can provide a dedicated revenue source
to support recycling programs and can provide incentives for waste diversion from landfills
(especially recyclable materials and organics). As such, landfill tipping fee surcharges can offset
some of the costs of recycling, enhance social and environmental benefits associated with recycling,
and provide stable financing for recycling systems.

Key Policy Option 4-3: State governments could implement mandatory surcharges on landfill
tipping fees to provide incentives for recycling, support recycling and composting efforts, and
divert waste from landfills. Moderate surcharges would minimize harmful responses (e.g., illegal
dumping, increased contamination of recycling streams). State governments could collect and
redistribute the funds to various recycling activities based on state and local priorities. Local uses
of these revenues may vary with needs but could include grants for recycling infrastructure, shoring
up enterprise funds for recycling operations, and funding local social modeling programs.

Conclusion 4-3: Relying on local government financing limits access to recycling programs,
particularly for residents of rural areas, where recycling costs may be high. Alternative funding
mechanisms, such as state or federal grants or EPR programs, would help distribute recycling
costs across a broader population.

Key Policy Option 4-4: The U.S. Congress and state legislatures could authorize and appropriate
funds for rural and tribal recycling. These funds could help communities overcome transportation
distances and economies of scale through purchase of infrastructure such as trucks, drop-off and
transfer facilities, and processing facilities. In parallel, the U.S. Environmental Protection Agency
could continue to provide Solid Waste Infrastructure for Recycling grants for rural and tribal
communities. State government funding could be derived from revenues generated from extended
producer responsibility policies, landfilling tipping fee surcharges, or other state-based revenues.
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Materials and Markets Considerations for an Effective Recycling System

In the United States, most communities focus on five material types that are collected curbside or
at drop-off centers and processed at MRFs: plastics, paper, cardboard, glass, and metals. Less commonly
collected in a separate stream are food and yard wastes. Unique or specific challenges and considerations
arise for recycling each material type. For example, plastic is a ubiquitous component of today’s
manufactured items because of its strength, low cost, durability, and wide range in properties with dozens
of types of plastic resins in use. In particular, recycling plastics is important because of their persistence
in the environment, their generation from non-renewable sources, their contribution to litter problems, and
more. However, the overall recycling rates for all plastics are low, partly because only certain resin types
are accepted for recycling, as influenced by market demand and technological limitations.

Conclusion 5-1: A revenue-neutral policy that applies a fee for using virgin plastic resins and a
reward for using recycled plastic resins would increase the cost-competitiveness of recycled
materials relative to virgin inputs and would enhance end markets for recyclable materials.

Key Policy Option 5-1: The U.S. Congress could enact a new revenue-neutral fee-and-reward

policy to increase the competitiveness of recycled materials relative to virgin inputs. It would

encourage the use of recycled plastic resins in the manufacturing of plastic packaging and single-
use products. This policy could comprise two levers:

e First, the Department of the Treasury, in partnership with the U.S. Environmental Protection
Agency (EPA), could implement a new fee on the use of virgin plastic resins in product
packaging and in the manufacturing of consumer products, and a corresponding reward for the
use of postconsumer recycled plastic resins in those same manufacturing processes. If
implemented, this new fee and reward should be paid and received by domestic manufacturers
that use plastic resins in their manufacturing processes, should be weight-based, and should be
of sufficient value to encourage the use of recycled plastic resins. Market parity can facilitate
economic competition between recycled plastic resin and virgin resin.

e Second, the Department of the Treasury, in partnership with EPA and U.S. Customs and Border
Protection could impose a new border adjustment fee on fully manufactured imported plastic
packaging and single-use products, to be paid by the importer of those products.

If pursued, this policy should be revenue-neutral for the federal government, such that the total
annual sum of fees collected equals the total annual sum of rewards distributed. Furthermore, the
Department of the Treasury, in partnership with EPA and other relevant parties, would need to
study and identify the appropriate levels of fees and rewards to fully encourage the use of recycled
plastic resins while minimizing motivations for changing manufacturing locations.

End markets play a critical role in sustaining recycling systems, with higher-value materials such
as aluminum containers, cardboard, and polyethylene terephthalate (PET) and noncolored high-density
polyethylene (HDPE) plastics contributing the most reliable revenues. Sales of recyclable commodities in
end markets provide revenues that reduce the expense of recycling for local governments and private parties
with revenue-sharing agreements. However, the effect of end markets is not exclusively financial, because
end uses also impact the environment as a benefit of recycling. The extent to which recycling improves
environmental quality depends on the successful substitution of secondary materials for extraction or
production of environmentally damaging primary materials and when these recycled materials can be
incorporated into new products without requiring resource-intensive processing. To this end, improving
product recyclability and developing new uses for recycled materials with consideration for reducing
environmental costs and enhancing end markets is an area for further research. Thus, end markets and
programs to support them need to be assessed for both their financial and environmental benefit.
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Conclusion 5-2: Advancing research and development in technology areas relevant to recycling
and adopting new technologies in the MSW recycling system can help achieve multiple policy
objectives for recycling:

o enhancing end markets for recyclable materials,

increasing the cost-competitiveness of recycled materials relative to virgin inputs,

improving the cost-effectiveness of recycling collection and processing,

decreasing contamination of post-consumer recycling streams, and

enhancing social and environmental benefits associated with recycling.

Conclusion 5-3: Increased recycling collection may have little benefit without end uses for the
collected materials that are environmentally sound and economically valuable. Thus, increased
collection needs to be combined with support for end markets, with attention to the environmental
implications of end uses.

Key Policy Option 5-2: Federal agencies that fund research related to recycling, including the U.S.
Environmental Protection Agency, the Department of Energy, and the National Science
Foundation, could enhance investments in research related to recycling systems and recyclable
materials. When this option is pursued, the research should prioritize environmentally sound and
economically valuable end uses for recycled commodities and other approaches to increase end use
values nationally and internationally. Examples include recyclable design for consumer products,
and technologies to reduce contamination of the recycling material stream. Funding from Congress
to support this endeavor could include public—private partnerships in manufacturing innovation to
increase opportunities for recyclable materials end uses.

Consumer and Social Impacts of Recycling Programs

Understanding how and why individuals engage or do not engage in recycling practices is crucial
for designing policies that effectively increase participation rates and improve recycling outcomes.
Household recycling behavior is shaped by various factors, including the availability and accessibility of
recycling programs, convenience, public awareness, and economic incentives. While consumer surveys
consistently find high support among respondents for recycling and its programs, they also highlight
barriers—mainly a lack of convenience and confusion over what materials can be recycled. Inconsistent
and misleading packaging labels, including the use of the chasing arrows symbol and resin identification
codes, are significant causes of consumer uncertainty and misunderstanding.

Conclusion 6-1: Reforming product labeling regulations and practices to provide accurate
information (i.e., to prevent mislabeling) on what products are or are not recyclable would achieve
multiple policy objectives, including clarifying information for consumers, decreasing
contamination, and increasing efficiency of recycling systems.

Recommendation 6-1: The Federal Trade Commission (FTC) should revise its Guides for the
Use of Environmental Marketing Claims so that resin identification codes no longer use the
chasing arrows symbol. Additionally, FTC should prohibit use of the chasing arrows symbol
or any other indicator of recyclability on products and packaging unless the items are
regularly and widely collected and processed for recycling across the United States.
Furthermore, with or without a mandate to do so, producers should adopt and use updated
resin identification symbols that do not include the chasing arrows symbol.

Key Policy Option 6-1: The U.S. Environmental Protection Agency (EPA), in partnership with
producers could support and evaluate national recycling label standards—through education,

Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27978?s=z1120

Municipal Solid Waste Recycling in the United States: Analysis of Current and Alternative Approaches

10 Municipal Solid Waste Recycling in the United States

outreach, and funding—such as the How2Recycle symbols created by the Sustainable Packaging
Coalition. Additionally, the U.S. Congress, through EPA, could provide funding for small- to
medium-sized companies that lack capability for transitioning to a new national recycling label
standard.

Additionally, the presence of social norms and community engagement can further influence
participation in recycling efforts. Social modeling programs or locally-organized programs that promote
recycling norms and behaviors may facilitate this engagement. Social norms may be used to design
communications that address the concerns and values of a target population. Behavioral interventions that
promote recycling and decrease contamination are effective when they target a specific barrier to
recycling for a given population of consumers. More regular collection and reporting of direct
observations of household and commercial behavior related to recycling are needed to support recycling
policy decision-making. As one example, new and more rigorously collected data on household time costs
are needed to perform recycling cost-benefit analyses more accurately.

Conclusion 6-2: Social modeling programs are effective interventions for enhancing recycling
behavior and establishing positive recycling norms in communities. Policies that promote social
modeling programs can achieve various objectives for recycling. They can clarify information for
consumers, decrease contamination, increase the cost-effectiveness of recycling collection and
processing, and enhance the social and environmental benefits associated with recycling.

Recommendation 6-2: The U.S. Environmental Protection Agency should provide grants for
state, municipal, local, and tribal governments for enhancing and expanding local social
modeling programs, especially in disadvantaged communities and communities with high
numbers of multifamily dwellings. Local governments, in turn, should implement or support
social modeling programs, potentially through partnership with local nonprofits or other
community-based groups, to engage directly with community members to promote positive
social norms and recycling practices.

Key Policy Option 6-2: The U.S. Congress could reauthorize and further appropriate funds to the
Consumer Recycling Education and Outreach Grant Program, authorized in the Infrastructure
Investment and Jobs Act, to support social modeling programs.

Recycling rates vary significantly across the United States, with some cities achieving higher
efficiency through mandates, specialized programs, and focused public policies; these cities demonstrate
the potential for recycling efficiency to surpass national averages through targeted local actions. Different
actors and pressures—including consumer behavior, economics, and available technology—govern the
rate of recycling at different decision stages within the MSW system as well as the costs associated
(Figure S-2). These represent key areas where policy choices can positively influence recycling rates.

Different contexts and recycling programs require tailored policy solutions, based on such factors
as variations in materials, geographies, economies of scale, existing infrastructure and programs, and
demographics and other social considerations. Guiding policies from higher levels of government can be
appropriate, but it is necessary to consider and tailor policies for recycling based on local factors.
Although they serve an important function, today’s recycling programs sit at a crossroads. In recent years,
challenges facing municipal solid waste recycling programs, especially economic-based challenges, have
led some municipalities to stop funding their recycling programs altogether. This report explores the
contemporary issues facing MSW recycling programs and lays out recommendations and policy options
to chart a path forward.
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Decision Stage Influences on Recycling Rate

* Product manufacturers and designers

Packaging Recyclabili
9ing Y ty + Lawmakers requiring recyclable content

* Waste collection and management

Recycling Access agencies and companies

+ Government and nonprofit advocacy groups
+ Schools and education

Recycling Engagement

« Citizen values, beliefs, preferences,
incentives, and behavior

Sorting and Processing

+ MRF designers and technology adopters

End Markets * Recycled product salespersons and promoters
* Local, state, federal, and international

governments /

Recycling Rate

FIGURE S-2 Major technological or behavioral decision stages and influences affecting recyclability of solid
waste.

NOTE: MRF = materials recovery facility.

SOURCE: Data from The Recycling Partnership, 2024.
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Introduction

Municipal solid waste (MSW) management systems in the United States have undergone much
evolution over time. The overall system has seen many changes, including changes in policy, the types of
materials managed, infrastructure and technology, and the actors that play a role in the system. These
evolutions have yielded the distributed waste management system found in the United States today: one
that is made up of a complex and interconnected web of policies and distributed groups of people and
public and private entities acting at local, regional, state, national, and international levels. Each of these
actors holds a different motivation for recycling and responds to different incentives regarding the
management of the near 300 million tons of MSW generated every year in the United States (EPA, 2020).

Likewise, MSW recycling programs in the United States have a long and evolving history,
beginning in 1690 when the Rittenhouse Mill accepted linen and cotton rags (Robert C. Williams Paper
Museum, n.d.). World War II saw a national recycling campaign for metal, rubber, paper, and other
materials (Springate, n.d.). Environmental awareness grew in the 1960s and 1970s, leading to the rise of
curbside recycling and the first Earth Day in 1970 (Eldred, 2020). Recycling was also seen as a method of
decreasing the use of fossil fuels, one of which—namely oil—was suddenly in short supply due to the
Arab oil embargo. Recycling provided a method of reducing oil usage due to the lower energy
requirements associated with using some recycled materials rather than virgin materials for the
manufacture of products and packaging. Also at that time was significant interest in recovering energy
from waste through the construction of “Waste-to-Energy” plants, as waste was found to have about one-
third of the energy value of coal (IEA Bioenergy, 2003). Finally, the 1970s saw predictions that the world
would run out of material resources because of the growing world population. The combination of these
developments laid the foundation for modern recycling programs and shifted national attitudes toward
conservation and waste management.

While serving an important function for the manufacturing supply chain, public health, and
pollution mitigation, today’s recycling programs sit at a crossroads. In recent years, challenges facing
MSW recycling programs, especially economic-based challenges, have led some municipalities to stop
funding their recycling programs altogether (Waste Dive, 2023). This report explores the contemporary
issues facing MSW recycling programs and lays out recommendations and policy options to chart a path
forward.

1.1 THE COMPOSITION AND REGULATION OF SOLID WASTE

For the purposes of this report, municipal solid waste is defined as the non-hazardous solid waste
generated by the residents, commercial businesses, and institutions of a community. The proper
management of MSW is required on a regular and ongoing basis to protect the public health and the local
environment of the community and to minimize litter and illegal dumping. MSW is sometimes defined to
include construction and demolition (C&D) waste, although the U.S. Environmental Protection Agency
(EPA) definition of MSW excludes C&D waste. Other solid wastes also typically excluded are junk
automobiles and industrial process waste such as metal casting and combustion residuals. Although MSW
is considered a non-hazardous waste, it is known to contain small quantities of hazardous waste that are
discarded by residents and businesses.

Ensuring that MSW is properly managed in the United States is the responsibility of local
governments, as assigned to them by their respective states. As a general practice, local governments are
tasked to ensure that MSW—as well as recyclables sorted by the residents and businesses for separate
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collection—are properly contained and collected on a regular basis. Municipal governments are generally
responsible for ensuring that the collected wastes and recyclables are properly processed for recovery of
materials and/or energy or disposed in landfills; municipalities often contract for the collection,
processing, and disposal of MSW with private companies. It is estimated that 85-90% of the permitted
MSW landfill disposal capacity in the United States is owned by private companies (Karidis, 2018).

The costs associated with the proper management of MSW and its recyclable content are
currently borne by the residents and businesses of the community, either directly through service charges
or indirectly through taxes. Thus, MSW management services can be viewed as public utility services—
similar to electricity, water, wastewater treatment, and stormwater management—that are vital to the
ongoing well-being of the community. In the United States, managing MSW involves significant costs for
the infrastructure, labor, and technology required for various disposal methods. As of 2018, the country
generated approximately 292 million tons of MSW each year, with the majority going to landfills that are
costly to build, operate, and maintain, especially as space becomes limited (EPA, 2020). Recycling and
composting programs, which divert around 32 percent of MSW, also carry high expenses due to the
collection, sorting, and processing needed to reclaim materials such as paper, metals, plastics, and glass
(EPA, 2020). Separate organic waste processing adds additional costs for facilities that handle
biodegradable waste and turn it into valuable products, a process that requires specialized handling and
transportation. Waste-to-energy (WTE) facilities, which process about 12 percent of MSW, are among the
most expensive due to high technology and operational costs, although they offset some expenses by
generating electricity (EPA, 2020). These combined costs highlight the financial investment required to
manage waste sustainably and reduce environmental impacts, with the expense often covered by a
combination of taxpayer funds, fees, and public—private partnerships.

These costs have changed over time. In the early 1990s, EPA promulgated new regulations for
the disposal of MSW in landfills (42 U.S. Code §§ 6941-6949a). Referred to as “Subtitle D regulations,
they were designed to minimize the environmental impacts of landfill disposal by requiring that
composite liners be installed at the bottom of any new landfill to prevent leachate from leaking and
contaminating the groundwater below. Subtitle D regulations also placed new requirements on the siting
and operation of landfills. These requirements significantly added to the costs and technical expertise
required to design, operate, and maintain landfills. These costs resulted in the decision of many cities and
counties to get out of the landfill business and instead rely on privately owned regional landfills for the
disposal of their wastes.

Alongside the implementation of Subtitle D landfill regulations, EPA and many state
governments adopted MSW recycling goals for local governments to achieve in the management of the
MSW generated by their communities. A key rationale for these goals was to conserve Subtitle D landfill
capacity, which had become relatively expensive because of the liner requirements and other regulations.
Many of these goals were stated in terms of an MSW recycling rate, calculated as the total weight of
recycled MSW over the total weight of generated MSW (EPA, 2020). The definition of recycling that was
commonly accepted during this time included the composting of yard waste and other MSW, as well as
materials and products used in the manufacturing and packaging of consumer goods. However, because
composting is a biological process that converts organic materials, it is considered by some to be a
recovery process rather than a recycling process.

Although recycling advocates in the 1990s argued that sale of recyclable materials and cost
savings from diverting materials from landfills could cover costs of the recycling of MSW, this argument
has fallen short in practice. As a result, local governments are currently responsible for covering the
added costs associated with the recycling of MSW as opposed to its disposal in landfills. The committee
for this study was convened in part to determine the role that the federal government, states, and private
companies should each play in covering the additional direct costs associated with the recycling of MSW
versus its landfill disposal. Covering these costs acknowledges the higher indirect social and
environmental costs associated with landfill disposal rather than recycling that portion of MSW.
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1.2 THE IMPORTANCE OF RECYCLING

Solving contemporary challenges of MSW recycling programs is a critical mission for
policymakers in the coming years. Policy choices across levels of governments will influence and impact
the actors across the MSW management system. Evidence-based decisions regarding these choices can
ensure an appropriate balance of the tradeoffs, helping to ensure that MSW recycling programs operate in
a manner that is both economically and environmentally sound.

As this report lays out in further detail, well-designed and supported MSW recycling programs
hold many benefits. In particular, recycling decreases reliance on non-renewable resources and virgin
materials. Extending the useful lifespan of materials can avoid greenhouse gas emissions associated with
the extraction of non-renewable virgin materials. While recycling and the remanufacture of materials have
greenhouse gas emissions costs, well-designed recycling programs and the use of renewable energy
sources in remanufacturing process can lead to an overall reduction in emissions. These concepts are
explored further in Chapters 3 and 7 of this report.

In addition to their environmental benefits, recycling programs can lead to measurable economic
gains. Recycling programs and the circular economies they enable create jobs, promote business
development, and provide further positive social impacts for communities across the country. These
concepts are further discussed in Chapters 3 and 6.

1.3 MSW RECYCLING COSTS AND THE ROLE OF PUBLIC POLICY

Before exploring specific challenges recycling programs encounter in various regions and
materials, it is crucial to understand the role of costs and public policies. Markets alone do not provide the
necessary incentives or information for households, businesses, or local governments to engage in
effective recycling practices. Local, state, or federal government intervention through public policy can
significantly improve the efficiency, affordability, and accessibility of recycling initiatives.

For instance, local governments are involved in waste collection not just for economic efficiency
but also to maintain public health and cleanliness for the community’s benefit. Without this service, some
people might avoid disposal costs by dumping waste illegally, which creates broader environmental and
health risks. While curbside waste collection is essential, it requires considerable public funding.
Recycling helps reduce waste disposal costs by diverting materials away from landfills, yet recycling
programs themselves are costly to run, involving collection, sorting, and processing of materials. Here,
public policy can help balance costs by funding and supporting recycling efforts, especially where they
benefit the community overall.

Government support can also make both landfills and recycling more cost-effective through
“economies of scale.” Processing plants, known as materials recovery facilities (MRFs), may need large
volumes of recyclable material to be cost-efficient, which can require a significant initial investment in
infrastructure. Government policy can make it possible to build and run these large facilities by
centralizing services, reducing the cost per ton of recycled material, and allowing local programs to
access the savings. Appropriate public policy can further reduce costs by creating streamlined markets for
selling recycled goods, which helps make recycling programs financially sustainable.

Another area where public policy plays a critical role is in managing “external costs,” where a
sales contract between two parties in an exchange does not account for indirect costs on third parties, such
as noise, traffic, and pollution. For instance, disposal of waste at a landfill may produce leachate that
affects groundwater, produces odors, and generates greenhouse gases that impact entire communities, not
just individual users or owners of the landfill. Policies, such as regulations on landfill emissions and
incentives for recycling, can help reduce these external costs and improve economic efficiency. This
report emphasizes that decisions and policies about recycling can be analyzed and optimized only in the
context of the broader waste management system that includes alternatives to recycling, such as landfill
disposal, composting, and use of WTE plants.
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Recycling also helps to lessen environmental damage from mining and raw material extraction,
which impose long-term costs on society. Government policy can help reduce these environmental costs
of mining and materials extraction by providing subsidies or incentives to encourage recycling, which can
reduce new materials extraction and its impact on natural resources. Thus, this report emphasizes that
analysis of recycling policy needs to consider not only the broader waste management system (landfill
disposal, composting, and WTE), but a circular economy that includes decisions and policies about
mining, other extraction, product design for recyclability, repair, and reuse, along with recycling
(Fullerton, 2025; Stahel, 2016).

Finally, public policies also can ensure that recycling efforts are fair and accessible to all
communities. Well-designed policies can help ensure that the costs of recycling and waste management
does not fall unevenly on different groups and that everyone benefits from cleaner, healthier, and more
sustainable waste practices.

This report refers to these cost and policy issues as it examines the specific challenges and
solutions for recycling across the United States, giving context to the discussions in later chapters.

1.4 STUDY SCOPE AND APPROACH

Recognizing the growing challenges in sustainable MSW recycling programs, Congress called on
the National Academies of Sciences, Engineering, and Medicine to convene an ad hoc committee to study
the programmatic and economic costs of these programs and to make recommendations on policy options
for effective funding and incentives for recycling. The full statement of task can be found in Box 1-1.
This report represents the final report of that committee.

Note that the committee was not tasked with exploring or making recommendations with respect
to general waste management or diversion related to “reduce” and “reuse” efforts in the traditional “3R”
framework. The committee was tasked specifically to focus on the policies and pathways that relate to
materials for recycling—while bearing in mind that policy recommendations about recycling must depend
on problems with alternatives to recycling listed above. In addition, the committee provides policy
options as a way to effectively operationalize its recommendations.

The committee understood its task as primarily concerning the policies and systems in place that
relate to the collection, sorting, processing, transport, and sale of recyclable materials, especially those
that are traditionally processed in MRFs (although, the committee notes that expansion to other materials
such as textiles and food waste would be possible and desirable). The committee considered recycling and
composting as distinct but related components of MSW management. While C&D and hazardous waste
are outside the study scope, the committee considered policies around disposal of specific materials, such
as lithium-ion batteries, that often enter typical recycling processes, as they impact the direct (i.e.,
monetary) costs of recycling programs. Additionally, given the intertwined nature of the waste and
recycling system and associated policies, the committee considered the policies and approaches that
impact in-scope materials, even if they also relate to out-of-scope materials. For example, the committee
detailed extended producer responsibility (EPR) policies in this report as relevant to in-scope materials,
even though many EPR frameworks also relate to out-of-scope materials (e.g., household hazardous
waste).

1.5 ORGANIZATION OF THE REPORT
This report describes the results of the committee’s review and study of the information available
regarding its statement of task. Chapter 2 presents the MSW management and recycling ecosystem from a
systems perspective. Chapter 3 explores challenges with recycling programs and how policy can address

those challenges. Chapter 4 provides an overview of the various costs and financing options available for
recycling programs, and Chapter 5 reviews the types of materials commonly recycled and the markets
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involved in recycled materials. Chapter 6 details the social and behavioral considerations that are relevant
for recycling programs. Finally, in Chapter 7, the committee identifies the environmental impacts of
recycling.

BOX 1-1
Statement of Task

An ad-hoc committee of the National Academies of Sciences, Engineering, and Medicine will review
available information on programmatic and economic costs of municipal solid waste (MSW) recycling programs
in municipal, county, state, and tribal governments. The committee will provide advice in the form of options,
including potential policy approaches, to facilitate the effective implementation of MSW recycling programs.
(MSW materials and programmatic and economics costs are defined below.)

As part of its assessment, and to the extent sufficient data are available, the committee will address the
following aspects with respect to MSW recycling programs. The committee will base its analyses on examination
of several different case studies in the United States as exemplars. The case studies will represent a range of
circumstances (e.g., some from each of the municipal, county, state, and tribal governments; environmental justice
considerations such as different population sizes and demographics; different geographical locations; different
economies; etc.):

e Describe differences in programmatic and economic costs across municipal, county, state, and tribal
governments. Examples of possible considerations include:
o Types and differences in programmatic elements and capabilities (e.g., urban vs. rural vs. tribal needs)
across government types.
o Types of recycling programs implemented (e.g., curbside collection programs, drop-off-only
programs, commercial and residential programs, back-hauling programs).
o Factors that impact a government agency’s ability to fund and administer a recycling program.

e Examine the ways in which costs of MSW programs differ based on materials accepted for recycling.
Examples of possible considerations include:
o Infrastructure (including freight), technology, and end markets that exist for commonly recycled
materials.
o Costs of material-specific approaches such as single-stream vs. dual-stream residential recycling,
curbside food and yard waste pickup services, and glass separation mandates.

The committee will provide recommendations in the form of options to effectively incentivize and fund
recycling activities in an economically and environmentally sound way. The development of options should
include considerations of:

e  Supply-side policies (e.g., economic incentives for people to recycle) and demand-side policies (e.g.,
Extended Producer Responsibility, recycled content mandates, or tax credits for remanufacturing firms to
prioritize use of recycled over virgin materials).

e Estimates of the programmatic and economic cost implications and time frames for implementing the
options.

e  Metrics for the evaluation of the effectiveness of different policies or other approaches.

e Environmental impact and related climate change considerations that focus primarily on changes in
greenhouse gas emissions, including emissions from transportation-related sources.

e  Uncertainties in the supply of and demand for recyclable materials that create complexity in cost-benefit
analyses.

The committee will review references pertaining to the costs of recycling programs, factors that impact a
local government’s ability to fund and administer a recycling program, and policies or other approaches that
facilitate the implementation of recycling programs. The committee will characterize key limitations within the
existing references on the costs of recycling programs and identify future research needs.

continued
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BOX 1-1 continued

MSW materials that are considered in-scope for this study include commonly recycled or composted
materials, such as paper, metals (e.g., aluminum), glass, plastics (types #1 and #2), food scraps, and yard waste
from the residential, commercial, and institutional sectors that are converted into raw materials and used in the
production of new products. Materials that are specifically out of scope for recycling considerations include
textiles, electronic waste, construction and demolition debris, household hazardous waste, auto bodies, municipal
sludge, combustion ash, and industrial process wastes that might also be disposed of in municipal waste landfills
or incinerators. Material management pathways that are considered in-scope for this report include mechanical
recycling of MSW and composting of organic waste. Material management pathways specifically out of scope
include any type of waste-to-energy process, incineration, or fuel substitute production.

Programmatic costs are expenses needed to implement MSW recycling programs, such as purchase of
collection trucks and operation and maintenance of materials recovery facilities. Economic costs may include
opportunity costs of recycling vs. landfilling; fluctuations in the supply, demand, and price of recycled
commodities; externalities (such as emission of greenhouse gases (GHGs), and a household’s willingness to pay
for recycling services based on marginal social costs and benefits.
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2
Municipal Solid Waste Management and Recycling Systems

Summary of Key Messages

¢  Municipal solid waste (MSW) recycling programs are part of broader waste management systems:
These systems include those that manage materials destined for end-of-life treatment or disposal as well as
commercial and industry recycling and remanufacturing systems.

e Actors and policies: MSW recycling programs are impacted by actors and policies across the materials
supply chain—from virgin material extractors to end-of-life waste managers—and by governments at all levels.

¢ Quantities of MSW generated and recycled annually: The United States generates approximately 292
million tons of MSW annually. However, most MSW (68—79 percent) because of factors such as the material
not being targeted for recycling, not being economically viable to recycle, limited access to recycling
programs, and low participation rates (EPA, 2018; The Recycling Partnership, 2024).

e  Changes in material streams over time: The volume and composition of materials managed in the MSW
system have changed and will continue to change over time with the evolution of consumer products (e.g.,
printed newspapers) and packaging materials (e.g., plastic versus glass containers).

e Technological advances may increase MSW system efficiency: Increased use of automated sorting by
households and at materials recovery facilities may decrease contamination issues and increase sorting
efficiency. These technological advances likely will require significant financial outlay.

e Limitations of weight-based recycling rates: Aggregated weight-based recycling rates (i.e., a ratio of
recycling to total waste collected) and material-specific rates (e.g., percent of all discarded aluminum cans
that are recycled) are incomplete metrics because they do not adequately account for all costs and benefits of
using and reusing materials over their life cycle (e.g., economic, social, and environmental costs and
benefits), changes in packaging material composition, and waste reduction efforts.

e Sustainable materials management: A sustainable materials management approach provides a more
complete picture of the costs and benefits of using and reusing materials across their life cycles than weight-
based recycling metrics alone.

Today’s municipal solid waste (MSW) management system is the product of countless iterative
changes throughout the course of history, both in the United States and abroad. Changes in technology,
economic activity (from local market development to international trade), demography, social norms and
values, policy, packaging types, and other factors have all influenced contemporary MSW systems. Wilson
(2023) provides a more detailed historical review of waste management, recycling, and composting.

2.1 TODAY’S RECYCLING SYSTEMS

As further detailed throughout this report, recycling systems are complex. Still, to understand the
current state of recycling programs and to address this committee’s charge, it is necessary to map a
generalized system that considers the actors, processes, materials, and other components of typical
municipal recycling programs (see Figure 2-1). This chapter describes the basics of MSW management
and recycling; the actors, infrastructure, and processes involved; and methods for assessing the
performance of a recycling system, as well as current concerns for and promising technological
improvements to MSW processing.
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FIGURE 2-1 A simplified system diagram for municipal solid waste management systems primarily highlighting

processes and materials discussed in this report.

NOTES: Other non-residual organic products (e.g., animal feed, energy) may result from treatment of organics but

are not discussed in this study. MRF = materials recovery facilities.

Broadly speaking, the materials management system includes subsystems for (1) production and

manufacturing, (2) waste generation, (3) waste collection, and (4) sorting and processing. Production and

manufacturing include both virgin and recycled materials as inputs, which are valued differentially by
markets that procure them for production. Also of note, manufacturer efforts to recycle their own
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materials play a critical role in supporting broader waste reduction goals, but these efforts typically occur
separately from downstream MSW management systems. Waste generation has been studied in local,
regional, national, and cross-national contexts, where differences in household size, income, education,
values, waste ordinances, and information efforts are shown to affect household waste generation rates
and composition (Firmansyah et al., 2024; He et al., 2022; Somplék et al., 2023). Cecot and Viscusi
(2022) conducted an extensive set of survey studies to identify the effect of these and other factors on
household recycling decisions (see Chapter 6; see also Cecot and Viscusi, 2022; Huber et al., 2023;
Viscusi et al., 2022). Waste collection methods influence the rate and composition of material flows.
Single-stream, dual-stream, and source-separated or single-material methods include collecting and
transporting recyclables separately, in contrast to traditional mixed-waste collection and transport. The
degree of separation at collection also impacts quality of the outbound material. Contamination is lower
and therefore quality is higher in material that is source separated or single stream, compared with mixed-
waste or dual-stream collection, albeit at a higher cost. In the sorting and processing stage, materials
recovery facilities (MRFs) receive sorted or treated waste; they then further sort and consolidate the waste
to prepare recycled materials for use in remade products or other applications.

An important metric for the benefits and performance of a municipal recycling program is the
cost-efficiency of collecting, sorting, and processing recycled materials (Bohm et al., 2010; Bolingbroke
et al., 2021; Wilson et al., 2015). This efficiency is affected by the quality of both human (Jitareanu et al.,
2023) and mechanical processes that create or reduce losses along the waste flow—recycle stream.' Much
of these inefficiencies are attributed to contamination, which is the amount of nonrecyclables—15-20
percent on average—collected curbside with recyclable materials. Missed recyclables add to residue from
MRFs and are often mislabeled as contaminants. These can create significant operational problems at
recycling centers and increase processing costs (The Recycling Partnership, 2024).

Composting can be considered a form of recycling but involves very different operations.
Composting is a biological process that converts recycled organic matter, primarily leaves and food waste,
into a soil-like material that has value as a soil additive known as compost. Large-scale composting
requires a controlled environment that includes, optimally, adequate oxygen levels, periodic compost
turning, appropriate moisture levels, and temperature control. Composting can be done in homes or
communities, or for large-scale operations, in engineered vessels, windrows, or aerated static piles.
Composting plays a major role in meeting U.S. food waste reduction goals, recognizing that composting
food waste has multiple advantages over landfilling. The U.S. Environmental Protection Agency (EPA)
estimates that 98.5 million tons of food waste and yard trimmings were generated in 2018 (12.1 percent of
total MSW generated was yard trimmings and 21.6 percent was food waste). Approximately 25 million
tons of organic material were composted, representing 8.5 percent of MSW generated. Approximately 4.1
percent of food waste generated was composted (EPA, 2020). Interest is also growing in recycling food
waste as animal feed, codigestion, donation, land application, sewering, anaerobic digestion, and thermal
recovery for organic waste.

2.1.1 Actors and Decision-Makers in MSW Management

The MSW management system portrayed in Figure 2-1 includes the mass flow of products,
materials, and wastes from production through use, waste generation, sorting, collection, and treatment,
and on to reuse, recycling, or disposal. These operations are accomplished by actors in the MSW
management system and their employees, as illustrated in Figure 2-2. In each stage, multiple actors
influence each other through a combination of price and economics, education, persuasion, or directives
supported by legal requirements. A fully effective recycling effort requires high-quality programs in each
of these stages and strong planning and coordination among them.

!'Some researchers have proposed variations of this metric (Bohm et al., 2010; Bolingbroke et al., 2021; Wilson et
al., 2015).
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FIGURE 2-2 Key stages and actors in the U.S. recycling system.
SOURCE: GAO, 2020.

Each actor in this system is led by human decision-makers, who are influenced by their beliefs
and values, technical and popular sources of information, social norms, economic costs and incentives,
and constraints imposed by laws and regulations. These decision-makers include producers choosing
technologies for product manufacturing and packaging; consumers choosing products and deciding
between methods for waste separation, sorting, and collection; and waste management organizations
choosing among technologies that support these behavioral decisions.

In a recent report, The Recycling Partnership (2024) presented an MSW systems approach that
focuses on decision-makers and their choices. The model, adapted and simplified in Figure 2-3, depicts
the five major stages in which critical decisions affecting the success of a recycling program are made.
The overall recycling rate of solid waste is directly impacted by these actors and the choices they make at
each stage. As such, these actors and decision stages represent key areas where policy choices can
positively influence recycling rates.

The stages in Figure 2-3 can serve as a framework for assessing participant roles and decisions
pertaining to recycling and the factors that affect these decisions. Waste collection and management
agencies, whether private or public, play a central role in providing access to recycling; in coordinating
policies and programs that encourage engagement; and in acquiring the best, most cost-efficient
technologies for collection and MRF operation. They also must coordinate their operations with sales
staff and go-between businesses seeking end markets for their recycled products. Throughout this process,
waste management agencies must coordinate their activities with government policymakers and
enforcement staff, educators and advocacy groups, customers, local communities that may be impacted by
their facilities, and technology providers that wish to promote and sell their equipment and management
services. While this section provides a brief overview of these stages, they will be discussed further
throughout the rest of this chapter and report. In addition, many of the upstream influences in Figure 2-3
propagate downstream to affect concurrent or subsequent decisions. For example, end market
performance is determined by the cumulative effects of system design decisions made by waste and
recycling companies as well as regulatory decisions, incentives, and subsidies (e.g., to improve access to
recycling) by government agencies at different local, state, national, and international levels.
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Decision Stage Influences on Recycling Rate

* Product manufacturers and designers

Packaging Recyclabili
ging 4 ty « Lawmakers requiring recyclable content )

* Waste collection and management

Recycling Access agencies and companies

* Government and nonprofit advocacy groups
= Schools and education

Recycling Engagement

« Citizen values, beliefs, preferences,
incentives, and behavior

Sorting and Processing

« MRF designers and technology adopters

End Markets * Recycled product salespe.rsons af]d promoters
* Local, state, federal, and international

governments /

Recycling Rate

FIGURE 2-3 Major technological or behavioral decision stages and influences affecting recyclability of solid waste.
NOTE: MRF = materials recovery facility.
SOURCE: Data from The Recycling Partnership.

Packaging Recyclability

To improve recyclability, manufacturers need to design products and their packaging in such a
manner that their delivery, use, sorting, reuse, collection, and processing are relatively easy for decision-
makers to learn and implement, with limited added time and effort required for household waste
management. Upstream, manufacturers need to design for and use recycled materials as inputs. These
choices are increasingly motivated by state and local extended producer responsibility (EPR) laws and
requirements for life cycle environmental impact assessments (see Chapter 4).

Recycling Access

Recycling access is generally provided to the public through curbside pickup programs or drop-
off bins, which may be material specific. Access to recycling is generally high in the United States (73
percent); however, this rate is much higher for single-family homes (~85 percent) than for multifamily
housing (~37 percent) where recycling dumpsters are more common (The Recycling Partnership, 2024).
The comparatively lower rates of recycling access for residents who live in multifamily housing
contributes to concerns that low-income neighborhoods face additional barriers to receiving the positive
environmental impacts of recycling.

The collection of waste and recyclables typically represents about 75 percent of the costs of
MSW management, while processing and disposal account for about 25 percent of those costs. Not all
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recyclables are created equal. Determining which materials to collect in a recycling program can be
informed by a variety of parameters:

Quantity of materials generated (or present in the disposed waste stream)

Ease of collection and processing (e.g., adding the material to an existing recycling program)
Public sentiment or resident demand for collection of specific materials

Strong, stable market pricing with a positive demand outlook

Proximity of markets to the MRF (reducing transportation costs).”

Recycling Engagement

A high level of consumer engagement is necessary to direct appropriately chosen, clean waste
products from the home to the recycling facility. For those with access, recycling engagement is
motivated by public outreach programs, educational materials, and presentations, and by influence from
neighbors and friends as recycling becomes a social norm among the general population. States with
higher access rates tend to have higher engagement rates, as multiple efforts to provide access signal the
importance and support for recycling (Eunomia Research and Consulting, 2023). MSW planners and
policymakers nationwide continue to target improvements in engagement (see Chapter 6).

Sorting and Processing

Sorting and processing are primarily provided at MRFs using a combination of optical scanning;
air flotation; mechanical redirection; manual sortation; robotics, visual identification using artificial
intelligence (Al), and size, magnetic, and weight sorting technologies. Ongoing improvements in these
technologies have enabled a typical MRF to capture about 87 percent of its incoming accepted program
recyclable materials (The Recycling Partnership, 2024). The highest capture rates are achieved for high-
density polyethylene (HDPE) bottles and jars (93 percent) and steel cans (96 percent), while the lowest
are estimated for non-bottle polyethylene terephthalate (PET) (60 percent) and film and flexible material,
where those materials are accepted (40 percent). It is anticipated that new and better computerized or Al-
driven air, optical, and mechanical systems will allow MRFs to approach 95 percent overall capture in the
near future (The Recycling Partnership, 2024). Still, consumers will need to ensure that used products are
free of contamination from food waste, non-recyclables, or potentially hazardous materials to allow MRF
performance at this high level.

End Markets

Viable end markets are necessary to ensure that recycled products can be sold and reused at an
economically sustainable price to create benefits for society. Over the long term, an end market that
requires high government subsidies to stay in business will erode the confidence of investors, taxpayers,
and recycling service consumers. Identifying and securing markets for collected materials are central to
the cost-effectiveness, design, and operation of recycling programs.

One of the growing drivers of end-market demand comes from companies that have committed to
using recycled materials in their products and packaging. These commitments may stem from increased
consumer valuation for products made and packaged with recyclables, EPR requirements, or a general
wish by manufacturers to be viewed as a green company (e.g., lannuzzi, 2024).

As noted above, the location of end-market facilities and production operations affects
transportation costs and the revenue paid for the materials. Having a variety of end markets for each
material type is beneficial to help maintain demand for materials despite fluctuations in virgin material

2 Transportation costs can be higher for MRFs in rural areas compared with those in more developed areas, which
tend to be closer to highways.
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prices and other changes in market conditions. When processing facilities have good access to major
transportation routes (highway, rail, boat, or barge), they have more flexibility in selecting end markets.
West Coast communities, for example, have much easier access to Asian markets for recyclables than do
communities in the rest of the country.

2.1.2 Infrastructure and Access in the MSW Management System

The collection, processing, and marketing of recyclables are interdependent components, and
each must be considered when designing and operating a recycling system as they affect one another. For
example, changes in collection methods and materials collected will impact the design and operation of
the MRF; how the MRF is designed and operated will determine whether materials will be produced that
meet market specifications; and changes in market requirements may lead to changes in how materials are
collected and processed. Furthermore, these systems must be designed and operated considering the
material that is presented, which is dictated by manufacturing and purchasing decisions.

Collection Programs

A variety of approaches and configurations has been used to implement MSW recycling in the
United States, principally curbside collection and drop-off programs. Collection services for recyclables
are generally provided on a weekly or biweekly basis to single-family residences. Collection for
businesses is often more frequent. Collection services are arranged in a variety of ways, including by
contract, , public entities, and , franchise. In communities where residential waste collection services are
organized on a franchise basis, one or a few entities may provide services to all residences in the franchise
district. Municipal collection and , contracting are also common in portions of the United States.

In terms of facilitating the collection and processing of appropriate wastes, curbside collection
programs are generally recognized as having the greatest potential for effective MSW recycling (Best and
Kneip, 2019; Dahlen and Lagerkvist, 2010; Noehammer and Byer, 1997). Curbside collection of
residential recyclables is provided in thousands of communities in North America and is the most
convenient recycling option for residents. However, operations must be compatible with the processing
capabilities of the MRF that will be receiving the collected material. For example, a program that collects
materials in a single stream (several types of recyclables collected together) would be a poor choice if
local MRFs are unable to process commingled materials. One of the most significant challenges facing
managers of curbside programs is participation. Inconsistent participation can affect material volumes and
equipment or labor needs, impacting operations (e.g., efficiency of truck routes) and costs. Other
challenges include contamination, labor, equipment replacement, and fluctuating demand and pricing for
recyclables and the ever-changing recycling mix (e.g., the significant drop in newspaper recycling).

Drop-off programs are the oldest form of public-sector-provided recyclables collection and are
used by both residential and commercial participants. Drop-offs rely on individuals to bring recyclables to
a designated drop-off location. For convenience, these locations are typically in public spaces, often at
landfills or transfer stations where the public is already traveling to dispose of waste, as well as drop-off
centers in retail locations. Drop-off collection is most often used to serve rural communities with low
population density, where curbside recycling may be cost-prohibitive. Drop-off collection points may
have higher contamination levels and engender illegal dumping if they are not staffed or monitored.

Single-day, or weekend collection events are often used to collect materials generated in smaller
quantities that are not cost-effective to collect on a more frequent basis. They typically target materials
that are banned from landfill disposal, such as used oil, tires, household hazardous wastes, electronics,
and bulky items (e.g., appliances). Shredding events are becoming more prevalent as residents look for
confidential recycling options for their personal documents. These events are often held in a large parking
lot or public works yard to accommodate significant traffic flow. They also provide an educational
opportunity for management of all types of recoverable and recyclable materials.
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Commercial recycling collection may be performed in a manner similar to residential curbside
recycling, using either wheeled carts or larger containers or designated collection vehicles and containers
(e.g., trucks with large roll-off containers). For businesses with suitable storage space or large quantities
of specific material (e.g., cardboard), collection may be provided by material brokers, with collected
material being hauled to markets directly. In addition to storage space, having a baler on-site can facilitate
direct-to-mill options for commercial materials. Space constraints are common, impacting the collection
method and frequency selected by commercial operations.

Collection Methods and Equipment

Methods for collecting recyclables include segregated, dual stream, single stream, and mixed
waste. The chosen method determines what type of equipment is needed for collecting and storing the
recyclables.

e Segregated (source separated): Recyclable materials are manually sorted at the location
where they are first discarded, such as homes or businesses, into designated containers or
specific compartments within the collection vehicle. This multistream method is most often
used in communities with limited processing capabilities and is found in both commercial and
residential programs. Collection productivity is relatively inefficient, resulting in high
collection costs relative to other methods. This method includes source-separated organic
waste, which can be converted into fuel or compost.

¢ Dual stream: Fiber (newspaper, cardboard, office paper) and container (plastic, aluminum,
bimetal, glass) recyclables are separated by the resident. Each stream (fiber and containers) is
loaded into its own compartment in the collection vehicle, which may or may not be
compacted. Dual-stream collection capitalizes on the initial labor provided by the
participating residents. It produces cleaner recycled materials, especially paper, because it is
not contaminated with broken glass and small plastics.

¢ Single stream: Recyclables are collected in a single, fully commingled form and
subsequently separated and processed into marketable secondary materials at a MRF. Single-
stream recycling is now the most commonly used method of collecting recyclables because of
its convenience and popularity with consumers and its ability to accommodate a large and
varying amount of recyclables. Its high efficiency and low costs are attributed to its ability to
use automated collection trucks staffed by a single operator and the safety it provides the
operator, who does not have to exit the cab to collect the recyclables. Programs that grow in
size and volumes of material collected exert more pressure to consider additional
commingling of recyclables because of the operational benefits provided and the ease of
participation by generators. Many dual-stream programs have been or are being converted to
single-stream programs where MRFs are equipped to process the single-stream material.

e Mixed waste: Relatively few facilities in the United States process mixed “residual” waste
for the purpose of producing “spec fuels” for industries such as paper mills or cement kilns.
Spec fuels generally consist of paper, plastics, and other organics that have energy contents
that would contribute to the heating value of the fuel. These processing facilities generally
include the sorting of recyclables remaining in the mixed waste for recovery and marketing to
secondary materials markets.

Recycling containers provide material storage between collections and assist the vehicle operator
during collection at the curb. In many recycling programs, bins or larger wheeled carts are provided at no
direct charge to the residents, while others require residents to purchase containers or to purchase
additional containers if one is insufficient. The choice of household container type must be consistent
with the collection method, vehicle type, and material processing ability. For example, a 64-gallon

Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27978?s=z1120

Municipal Solid Waste Recycling in the United States: Analysis of Current and Alternative Approaches

26 Municipal Solid Waste Recycling in the United States

wheeled cart for commingled recyclables will not work in a collection program with partitioned vehicles,
where the local MRF does not have the ability to separate materials and requires them to be source
separated. The size and number of recycling bins or carts needs to match the collection frequency and the
projected volume of recyclables.

In commercial contexts and multifamily dwellings, recyclables are typically stored in five types
of containers: (1) individual containers similar to those for single-family residences, (2) larger bulk
containers collected by either front- or rear-load collection trucks, (3) roll-off compactor boxes, (4) open-
top roll-off boxes, and (5) rear-load van-type trailers. Selection depends on space available for containers
and the types and quantities of materials to be collected.

Materials Recovery Facilities

MREFs receive, sort, process, and market recyclable materials collected from municipal waste
streams, and they are integral to most municipal recycling programs. In early recycling programs, when
recyclable materials were sorted curbside to minimize contamination and maximize resale value,
materials were merely densified before being sent to market. As recycling programs expanded and the
types of materials collected increased, more programs initiated commingled collection of more
recyclables, thereby increasing the need for sorting at a central location.

In addition to the space used for processing equipment, MRF design typically includes a tipping
area for material storage and a space for processed materials, with load-out bays or docks for removal of
consolidated, sorted materials. The tipping floor and load-out areas are typically of reinforced concrete
construction to withstand use and travel by heavy equipment. Most MRFs are enclosed structures,
providing protection of recyclable materials (particularly fiber materials) from weather effects and
limiting the potential for litter.

The challenge of a MRF is to transform recyclable materials into marketable resources for future
use. Therefore, the requirements of secondary materials markets need to guide those designing MRFs
with respect to the types and quantities of recyclables they will accept. Issues to consider include:

e Level of sorting necessary before and after delivery to the MRF

e Screening for and removal of dangerous contaminants, most notably lithium-ion batteries, in
separated materials (see Box 2-1)

e Size and sorting capacity of the equipment in relation to the volume of material to be
processed and daily and downtime capacity storage requirements

e Balance of mechanical and manual sorting needed
Degree of processing and consolidation required for end-market acceptance and economical
transportation

e Amount of storage required for accumulating sufficient quantities of recyclables for transport
and docks and loading capacity

e Revenue projections for the sale of recyclables.

Challenges in Rural and Urban Areas

Many factors contribute to the differences in recycling infrastructure, access, and behaviors in
rural and urban areas. Population density and the built environment affect transportation costs, volumes of
material collected, and options for collection equipment.

Rural Communities

Rural communities face unique challenges, including time-consuming and inefficient collection,
longer hauling of materials, and low population density. Burning waste in barrels and piles occasionally is
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practiced in these areas, and therefore, may reduce the amount of waste to be collected.’ However,
burning has its challenges, including air pollution, the long-term disposal of ashes, and dealing with items
that do not burn. Recycling participation increases during times of burn bans, as residents seek to dispose
of waste. It is unknown whether these increases are sustained after the bans are lifted.

BOX 2-1
Lithium-Ion Battery Fires

Fires caused by lithium-ion batteries now pose considerable risk and raise costs for the recycling system, in
collection vehicles and particularly in processing by materials recovery facilities (MRFs). Although these batteries
ought to be managed separately, residents sometimes include them with materials collected in single-stream
curbside recycling and with ordinary waste. Estimates suggest that MRFs currently average 18 of these fires per
year each, with catastrophic fires (those causing more than $10 million in damage) affecting 1 percent of MRFs
annually. Insurance costs for MRFs have risen because of the contribution of these batteries to their fire risk. The
insurance cost increase may be in the range of $8—$40 per ton recycled, representing a significant share of
processing costs (which are about $100-$200 per ton; see Chapter 4).# Although landfills also suffer fires from
these batteries, MRFs face higher costs because they have more workers and capital exposed to the risk (EPA,
2021a). The problem of lithium-ion battery fires has emerged largely within the last decade and is likely to grow
worse with widespread adoption of lithium-ion batteries in short-lived consumer products, such as disposable e-
cigarettes (EPA, 2021a).

Some public policies in the United States attempt to reduce the extent to which these batteries enter the
municipal solid waste and curbside recycling streams, although the U.S. Environmental Protection Agency
(2021a) does not have authority to address them. For example, New York City and New York State have banned
disposal of rechargeable batteries, and the state requires that manufacturers fund a recycling program for these
batteries and that retailers selling these products accept returns and provide information to consumers (Eunomia,
2021).

European countries have tried extended producer responsibility and deposit-—return systems on lithium-ion
batteries. Although these policies appear to increase separate collection of batteries, their effectiveness at reducing
fires at MRF's has not been demonstrated. Longer-run improvements in battery technology may eventually reduce
the flammability of these batteries (EPA, 2021a). However, until that occurs, the mismanagement of lithium-ion
batteries is likely to continue to impose costs and hazards for recycling and to add to the challenges that
communities face in funding curbside recycling programs.

“ Anne Germain, presentation to the committee, April 2024.

Instead of hiring a municipal waste management company, rural communities often rely on drop-
off locations for recycling, which results in lower recycling participation rates (Morawski and Wilcox,
2017). Additionally, many rural areas have “mom-and-pop” waste management businesses that collect
and haul waste to transfer stations. Minimal or unorganized collection services can result in illegal
dumping along roadsides or even burying of waste on one’s property.

In areas with small populations and limited capacity for local collection and processing, as in
some rural or isolated parts of the United States (e.g., parts of Alaska), backhauling is the main source of
waste disposal. Backhauling occurs one to three times per year when a summer barge or truck makes
deliveries to the community. After their goods are delivered, the vehicles are filled with bales of
aluminum cans, containers of batteries, and other materials for proper disposal, with a focus on hazardous
materials for environmental concerns. Backhauling is expensive, especially for residents in very small
towns (e.g., <1,000 residents) (EPA Environmental Financial Advisory Board, 2019).

3 Burn barrels are 55-gallon metal drums where trash is placed and burned. A burn pile is simply an area where trash
is taken and burned.
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Many small municipalities have tight budgets that restrict them from managing facilities
independently and purchasing equipment to collect and manage recycling materials. County-wide
collaborations are popular, allowing several small communities to work together. Hub-and-spoke
recycling has been developed as a solution for helping rural communities work together on a regional
level to consolidate larger volumes of recyclable materials. This model works by creating regional
recycling processing centers within larger communities that serve as “hubs” and encourages smaller
communities, or “spokes,” to deliver their recyclables to these hubs. As shown in Figure 2-4, spokes
could be a small municipality’s recycling drop-off center, a town’s curbside collection program, or other
recycling services, all of which have material streams that feed into the centralized recycling
infrastructure of the hub (Nebraska Recycling Council, 2024). Private provider hubs handle the transfer of
small-volume recycling from the spokes. Waste transfer stations can sometimes use storage bins and top-
loading tip or walking-floor trailers in their truck yards, which are contracted by public convenience
centers or those who use these hubs to service subscription routes with recycling.

Rural
drop-off

center
Rural

curbside
collection

Small town
curbside
collection

Hub:
Centralized

recycling
town curbside infrastructure Small town
collection curbside
Small collection
town

curbside
collection

Mid-sized

Small town
Rural commercial
drop-off collection
center service

FIGURE 2-4 Hub-and-spoke recycling model.
SOURCE: Generated by the committee, modeled after Nebraska Recycling Council (2024).

Recycling hubs invest in or solicit grants for equipment and infrastructure needed to sort
materials, then use this equipment to create and store bales of materials for end markets. Spoke
communities invest in or solicit grants for recycling collection and transportation to the closest hub. Hub-
and-spoke systems greatly reduce transportation requirements and increase overall efficiency of program
operations. Spokes’ transportation and operating costs decrease, while the hubs receive sufficient volume
of materials to increase revenues, achieve economies of scale, and assist with operational costs. These
types of programs also help small and remote communities implement recycling programs, reduce costs,
and increase participation and recovery (Nebraska Recycling Council, 2019).
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According to the Nebraska Recycling Council (2019), hub-and-spoke recycling can work in a
variety of contexts, including:

Recycling drop-off centers or trailers

Public and private recycling operations

Curbside recycling, either single or dual stream

Towns in different counties or even across state lines

Any type of recyclable material, including cardboard, plastic bottles and aluminum cans

Curbside Collection in Urban Communities

Compared with rural areas, urban areas tend to have more efficient and organized public and
private programs. Despite this, urban areas face issues related to high volumes of waste and often limited
space for bin placement.

Curbside collection of recyclables generally utilizes a large truck similar to those used for general
waste, driving through the streets with a side-arm mechanism that picks up the cart and dumps its
contents into the truck. Some trucks have cameras that allow the driver to review the contents as they are
emptied into the truck and then provide feedback to the resident if the cart had materials in it that could be
considered contamination. Thus, trucks with side-arm technology reduce labor costs, may result in cleaner
communities, and may reduce contamination in the recyclables collected (Wise Guy Reports, 2024).

In older cities (e.g., New York City), narrow alleys and street parking preclude the use of side-
arm trucks; in many of these areas, employees must pick up bags from the sidewalk or empty carts by
hand. Using this method results in higher labor costs, employee injuries, litter in communities, and
contamination in recyclables collected. In urban areas, safe curb-side waste collection has public health
implications, as it reduces vermin populations and leakage of the materials (Budds, 2022).

2.2 MSW MANAGEMENT

MSW management is a complex and evolving industry. This section first reviews estimates of the
quantity of MSW collected in the United States today, and the portion that is recyclable. It then describes
objectives, frameworks, and performance metrics used to evaluate waste management systems.

2.2.1 Quantity and Composition of MSW

The tonnage of MSW collected in the United States annual has increased every year since it was
first recorded (88.1 million tons in 1960). Comparing tonnage and population rates from 1960 and 2018,
the per capita generation rate has increased by 82 percent in 60 years. While it is not known precisely
what percentage of MSW is residential versus commercial, EPA estimates that residential waste makes up
55 percent of MSW, and commercial waste 45 percent (EPA, 2020).

The most recent national-level data on recycling as reported by EPA (for the year 2018) indicate
that recycling plays a significant role in managing waste in the United States. For 2018, EPA estimated
that 292.4 million tons of MSW were generated, of which 69 million tons (24 percent) were recycled and
25 million tons composted (EPA, 2024). More recent data by The Recycling Partnership (2024) estimates
that 10 million tons of MSW—or 15 percent—were recycled through residential curbside and drop-off
recycling programs in 2024, representing only 3.4 percent of the MSW generated (based on 2018’s EPA
estimate). These data suggest that commercial and multifamily recycling accounts for 85 percent of the
recycling tonnage recovered from the MSW stream (see Table 2-1). However, since multifamily
residential recycling rates are significantly lower than single family residential recycling rates, it is
reasonable to assume that commercial recycling accounts for the major portion of the
commercial/multifamily recycling tonnage.
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The Recycling Partnership (2024) further reports recent data indicating that only 21 percent of
residential recyclable material is being recycled, with 76 percent of this material lost at the household
level. While a reported 73 percent of U.S. households had access to residential recycling in 2024, this
number was significantly less for multifamily households (37 percent), and overall household
participation in recycling was just 43 percent. Much of the material collected in recycling programs is
directed to about 500 MRFs (National Waste and Recycling Association, 2018).

At the start of the COVID-19 pandemic, in March 2020, residential waste volumes increased
abruptly, while commercial waste volumes decreased (Pinto et al., 2022). However, as stores started
reopening and people resumed going out, commercial volumes substantially increased. E-commerce as a
percentage of retails sales peaked in the fall of 2020, declined significantly, and only recently achieved
the earlier percentage of retail sales, according to Department of Census data on e-commerce.* While
these volumes may not have remained the same after the pandemic, they could reflect a shift in the types
and amounts of materials used across different sectors. However, more important are the longer-term
trends in packaging and product delivery, including glass losing market share to plastic and aluminum,
adoption of flexible plastics, decline in printed paper, and increased home delivery. The evolution of
packaging used in e-commerce continues to evolve.

TABLE 2-1 MSW Recycling in Residential and Commercial/Multifamily Sectors

Curbside Recycling from Single-
Material Total Recycled Family Residences Commercial and Multifamily Recycling
Tons* % of Total |Tons” % Residential % Total |Tons® % Commercial/ % Total
Recycled Single Family Multifamily
MSW Recycling Residential Recycling
Paper and 45,970,000 67% 5,808,858  54.1% 12.6%  |40,161,142 68% 87%
Paperboard
Glass 3,060,000 4% 2,152,303 20.4% 70.3% 907,697 2% 30%
Metals 8,720,000 13% - 8,720,000 15% 100%
Ferrous 6,360,000 9% 231,156 3.0% 3.6% 6,128,844 10% 96%
Aluminum 670,000 1% 393,488 3.4% 58.7% |276,512 0% 41%
Other 1,690,000 2% - 1,690,000 3% 100%
Nonferrous
Other - -
Materials
Plastics 3,020,000 4% 1,552,576  19.1% 51.4% |1,467,424 2% 49%
Rubber and  |1,670,000 2% - 1,670,000 3% 100%
Leather
Textiles 2,510,000 4% - 2,510,000 4% 100%
Wood 3,100,000 4% - 3,100,000 5% 100%
Other 970,000 1% - 970,000 2% 100%
Total MSW 69,020,000 100% 10,138,381 100.0% 14.7% 58,881,619 100% 85%
recycled

“ Data from EPA Advancing Sustainable Materials Management 2018 Tables and Figures, p. 2.

b Data from The Recycling Partnership — The State of Residential Recycling 2024, Figure 14.

¢Tonnages in the Commercial Recycling column are the differences between the Total Recycled and the Curbside
Recycling columns.

NOTE: MSW = municipal solid waste.

4 See https://www.census.gov/retail/ecommerce/historic_releases.html.
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The EPA study (2020) differentiates between “materials in products”—such as paper, glass,
metals, and aluminum that can be recycled—and organic materials—such as food waste and yard
trimmings that can be composted. In 2018, about 189.76 million tons of “materials in products” waste
were generated, while 98.5 million tons of organic waste were generated (EPA, 2020).

The quantities and types of materials in the waste stream continually shift because of evolving
technologies, consumer preferences, and product types. As a result, the composition of the waste stream
has changed dramatically over the last 35 years. General trends have been the replacement of glass
container discards with plastics, the reduction in newspaper discards, the increase in cardboard waste due
to e-commerce, and the increase in plastic containers and other plastic products. These trends and the
corresponding per capita increase in waste production have led to an increased effort to reduce waste
generation through the design of products with fewer disposable materials, parts, and packaging, and to
reduce, reuse, and recycle waste. These efforts, in conjunction with improvements in the design and
performance of landfilling and thermal treatment (and to a lesser extent, mechanical or biological
treatment) for that portion of the waste stream that is not reused or recycled, now constitute the principal
elements of solid waste management programs in the United States and other countries (Awino and Apitz,
2024; Devi et al., 2024; Khan et al., 2022; Sharma and Jain, 2020, Sondh et al., 2024; Tsai et al., 2020).

2.2.2 Objectives for MSW Management

Objectives for MSW management typically include (1) providing the essential public service of
waste management in an efficient and affordable manner; (2) reducing the health impacts, environmental
damage, and contamination that results from mismanagement of solid waste; and (3) sustaining access to
raw materials and other natural resources that are lost to the economy when they are disposed without
reuse or recycling.

Several analytical frameworks have been developed for evaluating MSW management:

Flow tracking models:

e  Material flow analysis evaluates the mining of raw materials through production,
consumption, recycling, and disposal (e.g., Allesch and Brunner, 2015; Arena and Di
Gregorio, 2014; Harder et al., 2014; He and Small, 2022; Makarichi et al., 2018).

e FEnergy flow models track the amount of heat, electricity. and other forms of energy
generated, lost, or used for living requirements and economic activity in a region
(Subramanyam et al., 2015).

e Measures of progress toward a circular economy (Chioatto et al., 2023; Dumlao-Tan and
Halog, 2017; Meleddu et al., 2024; Salemdeeb et al., 2022; Tsai et al., 2020; Vines et al., 2023).

e Life cycle assessment of energy use and environmental and health impacts (Anshassi and
Townsend, 2023, 2024; Olafasakin et al., 2023; Wang et al., 2021, 2022).

e Multicriteria analysis, including economic and social sustainability and resilience (Goulart
Coelho et al., 2017; Gutierrez-Lopez et al., 2023; Jayasinghe et al., 2023; Makarichi et al.,
2018; Taelman et al., 2020).

e Metrics of economic efficiency in achieving high diversion rates for reuse or recycling at low
cost and with low environmental impacts (Hu et al., 2024; Laner and Schmidt, 2023; Mensah
et al., 2023; Ng and Yang, 2023; Prenovitz et al., 2023; Wilson et al., 2015).

e Economic models of incentives and market failures within the waste management system
(Acuff and Kaffine, 2013; Fullerton and Kinnaman, 1995; Palmer et al., 1995).

MSW management objectives are met through the activities and efforts of multiple participants,
including product manufacturers, shippers, commercial enterprises, consumers, educators, local
government solid waste managers, waste collectors, and workers and managers providing waste recycling
and disposal services. Oversight and governance are provided by government agencies and regulators,
ensuring effective formulation and implementation of MSW policies, rules, and regulations, including
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requirements for recycling (e.g., Baffoe-Bonnie and Ezeala-Harrison, 2023; Macauley and Walls, 2010;
Ogieriakhi and Wang, 2024).

2.2.3 Performance Metrics for MSW Management Systems

Performance metrics play a valuable role in planning and assessing waste management program
elements and outcomes. Across nations, states, and systems within a state or region, metrics help program
managers and agencies benchmark and rank their programs and identify where changes and innovations
would be most beneficial. Indicators can be designed to emphasize participation rates, the quantity of
materials captured and recycled, program costs, and end-market performance.

Two case studies, presented in Boxes 2-2 and 2-3, describe system indicators for MSW
management systems in New York and Florida. These cases studies are followed by a review of results
from The Recycling Partnership’s (2024) study of U.S. state programs, with a focus on metrics for
statewide material capture and loss.

Anshassi and Townsend (2024) also assessed environmental return on investment—comparing
the environmental benefits with the cost of maintaining a recycling program—for two contract structures
(Contract A and Contract B) in each Florida region (see Figure 2-5). The environmental return on
investment for recycling for a typical household was similar to or higher than that of switching from a
gasoline vehicle to a hybrid or electric vehicle or using renewable energy. In most cases, except for three
regions in 2021, discontinuing recycling led to net dollar savings, which can be viewed as the cost of
maintaining recycling. However, the study found that recycling programs reduced environmental impacts,
with 0.34-2.4 times lower greenhouse gas emissions. This study also found that focusing on high-value
materials in recycling programs reduces both environmental impacts and system costs (Anshassi and
Townsend, 2024).

BOX 2-2
Case Study: Evaluating Selected Waste Systems in New York State

Greene and Tonjes (2014) reviewed the structure and intent of several municipal solid waste (MSW)
management performance indicators, noting a general historical preference for recycling rate as a metric, and
raising arguments for additional measures that address household participation and environmental and economic
impact. Green and Tonjes (2014) categorized the metrics into four tiers.

Tier 1 indicators track the mass flow of waste to recycling facilities and landfills, as well as that diverted from
landfill and incineration over a unit of time (typically annually). Tier 2 indicators convert the Tier 1 mass flows to
rates measured as percentages by dividing by the total mass of waste collected. Tier 3 indicators calculate these
rates on a per capita basis. Tier 4 indicators address reductions in energy- and climate-related externalities
achieved by recycling programs.

Greene and Tonjes’s (2014) evaluated these indicators for ten municipal waste systems in New York State.
They found that using different indicators yields significantly different rank ordering among systems; care and
clarity is thus needed in indicator selection and presentation to avoid misunderstanding. Given such care,
indicators can help support internal assessments of progress and program needs. Green and Tonjes (2014) found
that several indicators were especially useful for general waste systems characterization:

e landfill disposal per capita
e diversion per capita

e diversion rate,

e landfill disposal rate

The authors noted however, that the choice of the best indicators depends on local and regional conditions and the
waste management system design.

SOURCE: Greene and Tonjes, 2014.
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BOX 2-3
Case Study: Assessing Recycling Programs in Florida

Anshassi and Townsend (2024) evaluated the costs, environmental impacts, and improvement strategies for
municipal recycling programs in Florida’s six regions, paying particular attention to indicators of greenhouse gas
emissions based on life cycle assessment. The study predicts the counterfactual effects of eliminating all recycling
in each of Florida’s six regions.

The model by Anshassi and Townsend (2024) included costs for collecting and sorting and processing waste
and recyclables. It accounts for composition of waste and recyclables, contamination rates, and end-market
revenue generated from the sale of recyclables and it estimates the annual cost per household for curbside
collection and management of recyclables and garbage for 2011, 2020, and 2021 under four illustrative recycling
contracts. The four contracts account for variation in materials recovery facility (MRF) processing fees (in $/ton)
and local government—-MRF revenue-sharing agreements.

In addition to capital and operating costs, Anshassi and Townsend (2024) calculated the climate-related
environmental impacts associated with alternative scenarios, including terminating recycling programs, increasing
recycling rates, and targeting high-value commodity materials. They found that Florida’s recycling programs
reduce greenhouse gas emissions, energy use, water use, the potential harm to human health, the risk of damaging
ecosystems, and the likelihood of increasing acid levels in the environment (Anshassi and Townsend, 2024).

As an example of a region-level counterfactual, in Central Florida, the model indicated that eliminating
recycling would increase greenhouse gas emissions by 0.377 t CO; eq per household per year, which is equivalent
to driving an extra 967 miles in a typical gasoline-fueled car (using 29 gallons of gas) (see Table 2-2 for estimated
greenhouse gas emission increases). Note that the equivalent activity emissions of eliminating recycling are
highest in Central Florida and lowest in Northwest Florida.

TABLE 2-2 Estimated Increases in Greenhouse Gas Emissions Based on Discontinuing Recycling Programs in Florida

Metric Florida Region

Northwest ~ Northeast Central Southwest  South Southeast
Miles driven by avg. gas passenger car 195 423 967 660 935 483
Gallons of gas consumed 9 19 43 29 41 21

NOTE: Factors for each metric were retrieved using the U.S. Environmental Protection Agency greenhouse gas
equivalencies calculator.
SOURCE: Anshassi and Townsend, 2024.
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FIGURE 2-5 Environmental return on investment associated with the effects of keeping a recycling program, by region
and two different contract structures (Contract A and Contract B).

NOTES: Calculated as the estimated potential greenhouse gas emissions offset by recycling divided by the cost of
recycling. For Central, Southwest, and South regions under the Contract A scenario in 2021, dropping recycling would
result in a net dollar cost increase, instead of a savings (which is assumed to be the added cost of maintaining recycling).
Accordingly, no return on investment is presented for these scenarios.

SOURCE: Anshassi and Townsend, 2024.
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Location-specific studies of municipal recycling programs’ performance can allow a focus on
specific features of a system and provide a basis for improved designs and operations. They may be based
on detailed inputs and datasets, or they may have the ability to obtain such data as needed. In contrast,
state evaluations often include approximations to account for incomplete datasets and uncertain
aggregation. Despite these limitations, state evaluations provide a broadly based assessment of the factors
that promote or limit the success of recycling programs and policies and allow citizens and their
representatives to benchmark their state’s performance relative to that of others.

As has been referenced throughout this chapter, The Recycling Partnership (2024) conducted an
extensive national and state evaluation of the status of recycling in the United States. Among many
metrics, it studied two of the most widely used indicators of recycling efficacy: residential recycling rates
(see Figure 2-6) and residential recyclable material lost (in tons per year; see Figure 2-7).

Recycling rates ranged from 8 percent in the southeastern United States to 37 percent in
California and Oregon (The Recycling Partnership, 2024; see Figure 2-6). Residential recycling rates
remain the most widely used metrics of recycling performance and impact but provide a limited picture of
recycling activity and impact as it does not distinguish between composition, environmental impact, and
disposition of recycled waste. Other metrics that reflect important dimensions of composition and impact
need to be used in conjunction with these.

State-by-State Residential Recycling Rates*
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FIGURE 2-6 State-by-state residential recycling rates.
NOTE: Includes material captured through state deposit-return systems.
SOURCE: The Recycling Partnership, 2024.
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An alternative metric (Figure 2-7) shows statewide estimates of residential recyclable material
lost to disposal (e.g., in landfills). These values represent total flows of solid waste and are highly
influenced by the state populations, with especially high estimates determined for California, Texas,
Florida, New York, Pennsylvania, Ohio, and Illinois. While this metric, as assessed by recyclable material
lost, provides a direct indication of a state’s overall waste-related environmental impact, the
improvements resulting from recycling are masked by population and the total overall tons of MSW
generated. In contrast the residential recycling rate in Figure 2-6 expresses the recycling efficacy as the
percentage of waste captured by the recycling program.

The residential recycling rate (Figure 2-6) and residential recyclable material lost metric provide
complementary information but are not independent. One approach that allows a more direct comparison
of these indicators is dividing the material lost tonnage by the state population, yielding a per capita
estimate of the material lost from recycling (see Figure 2-8). As expected, the data indicate a negative
correlation between a state’s recycling rate and its tonnage of recyclable material lost—higher residential
recycling rates tend to decrease the per capita residential recyclable material lost. This suggests that the
trend shown in Figure 2-8 may be used for preliminary inference from state metrics such as estimating
statewide recyclable materials lost from residential recycling rate, when the former data are unavailable.
However, the spread in Figure 2-8 suggests that other factors may influence the rates as well and suggests
a need for a more complete model.

State-by-State Residential Recyclable Material Lost
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Less Recyclable Material Lost < + More Recyclable Material Lost
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FIGURE 2-7 State-by-state residential recyclable material lost, in tons per year.

NOTE: Recyclable material here refers to all recyclables processed by materials recovery facilities and moved to
end markets.

SOURCE: The Recycling Partnership, 2024.
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Relationship of State-by-State Annual Recyclable Materials Lost Per Capita (Tons) vs. Residential
Recycling Rate (%)
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FIGURE 2-8 Relationship of state-by-state annual recyclable materials lost per capita versus residential recycling
rate.
SOURCE: Data from The Recycling Partnership, 2024.

Nationwide Data on Status, Performance, and Engagement Metrics for MSW Recycling Programs

In addition to state-level data, The Recycling Partnership (2024) has identified the following key
issues to be addressed using nationwide data:

e Twenty-one (21) percent of residential recyclables is being recycled—every material type is
under-recycled.

e Seventy-six (76) percent of residential recyclables is lost at the household level, underscoring
the importance of access and engagement.

e Only 43 percent of all households participate. Nonparticipation is due to both lack of access
and insufficient communication and outreach.

e Of households that have access to curbside or drop-off recycling services, only 59 percent use
their recycling service regularly, and of those that do, only 57 percent of recyclable material
is put in recycling containers, meaning many households do not participate to the fullest
extent possible. This participation rate is significantly lower than the 90 percent target
benchmark that The Recycling Partnership (2024) sets for an effective recycling system.

Based on these data, it is often concluded that residents need more education, communication,
and support to engage in recycling. However, a factor that is often not considered or discussed is that
many residents—perhaps over 50 percent—do not feel that their participation in recycling is worth their
time and effort. In other words, the results being achieved through residential curbside recycling programs
(the diversion of 450 pounds per household per year) might be the maximum that can be expected from a
program that involves the voluntary participation and effort of individuals on a regular basis. If system
improvements needed to yield higher access, engagement, and overall recycling rates are not developed or
implemented, then the fallback alternative may be to focus on more effective methods of recovering
recyclables from the mixed solid waste stream. Meanwhile, improved mechanical capture and recovery
make necessary the creative efforts to educate and influence citizens to build a culture of participation.
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2.3 TECHNOLOGICAL ADVANCES IN MSW RECYCLING

Technological improvements are being developed for multiple decision stages to increase the rate
of municipal recycling, from product redesign for recyclability to machines to facilitate collection and
processing (see, e.g., Box 2-4). While the latter tend to add upfront cost to MRFs, they promise to
increase efficiency and the quality of produced recyclables. In the last 4 years, the fleet of U.S. single
stream MRFs has spent close to $2 billion in retrofits and have announced that another $1 billion is to be
invested in the next 3—5 years to take advantage of advancements in automation.

BOX 2-4
ReMADE Institute

The ReMADE (Reducing EMbodied-energy And Decreasing Emissions) Institute focuses on supporting
efforts to use less energy in making and processing materials and products, which helps lower carbon emissions in
manufacturing. This institute, funded by the Department of Energy’s Office of Energy Efficiency and Renewable
Energy (EERE), is one of a national network of 17 manufacturing institutes under Manufacturing USA. ReMADE
has developed a Technology Roadmap that covers precompetitive research, industry-directed projects, large-scale
initiatives, and strategic interest groups, all of which support the scaling-up of promising technology.

ReMADE-funded projects address such areas as circular design, digital remanufacturing, full electric vehicle
reuse and remanufacturing, next-generation materials recovery facilities, plastics recycling, recovery and
recycling of e-scraps, and textile recycling. The overarching goals include reducing the need for primary materials
and increasing use of secondary feedstocks, in part by developing technologies that make the secondary
feedstocks economically competitive with or even preferable to virgin materials. These goals are bolstered by
institute support for the adoption of new technologies and education materials for the attendant workforce.

The institute was designed as a public—private partnership and had over $65 million obligated from EERE
through December of fiscal year 2026, with expected private contributions of $70 million through the first grant
period. As of November 2024, ReMADE membership comprised 88 industry members, 38 academic partners, 34
affiliate organizations, and 8 national laboratories, and had 39 completed, 41 active, and 13 pending projects.

SOURCE: Presentation to the committee. More information available at https://www.usaspending.gov/award/
ASST NON DEEE0007897 8900.

2.3.1 Intelligent Waste Bins

Another recent area of investigation is the use of intelligent waste bins. These bins sort
recyclables into appropriate containers using sensors, Internet of Things networks, and data analytics
(Kaverina, 2018). They may also be used to monitor quantities of material in large containers. Sensors
could notify waste collectors that a bin is full, minimizing trips to pick up a partially full load and
reducing spillover and littering. Sensors can monitor gas, temperature, odor, sound, and humidity, which
may be useful in planning collection and disposal activities.

Interest is also growing in the use of technology that is Al-based and provides real-time feedback
to individuals about recyclability of individual items (e.g., via mobile apps) prior to bin placement.
However, these systems are not widely available because they require complex setup, controlled
environments, and significant computational resources. Zhang and colleagues (2021) proposed a mobile-
friendly waste classification model based on recyclable waste images and deep learning, with highly
accurate results.
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2.3.2 Advanced MRF Technologies
2.3.2.1 MRF Automation

Although data on MRF age are not collected, many MRFs were built several decades ago when
MSW had a different composition and was generated at lower rates. The introduction of automation in the
2010s has been crucial for producing high-quality secondary materials for recycling. However,
automation significantly increases capital expenditures, meaning larger MRFs with higher processing
capacity and broader service areas are needed to justify the investment. At the same time, automation
helps lower operational expenditures, reducing ongoing processing costs. With automation and robotics,
MREF operations can expand to 24 hours per day with minimal downtime. Automation reduces risk by
reducing injuries associated with manual labor. The addition of automation may also allow recycling to
reach higher levels at MRFs primarily using manual labor. Automation can eliminate screening, which is
subject to clogging and requires frequent maintenance, and can reduce contamination of sorted materials
(The Recycling Partnership, 2024; see Figure 2-9). That said, while isolated communities with long spoke
distances to a hub may have lower processing costs, their collection system is effective. Small-volume
MRFs that use less automation can allow for processing lightweight packaging and increase recycling
rates competitively through freight savings. Many of these MRFs are independent or municipally owned
and have persisted for decades.

ADVANCED AUTOMATED SORTING TECHNOLOGIES

High Speed Opticals — single /dual eject
Robotics

Artificial Intelligence

Image Recognition in Front of Bots/Opticals
Ballistic Separators

Non-Wrapping Screens

Air Knives

Digital Watermarking

Fluorescent Markers

Chemical Recycling (various technologies)

FIGURE 2-9 Examples of automation sorting technologies.
SOURCE: Presentations to the committee by Nathiel Egosi, June 11, 2024, and Jim Frey, June 11, 2024.

Optical sorting uses a spectrometer or Al-assisted camera image recognition to identify recyclable
material and uses high pressure air systems to separate it from the waste stream. Optical sorters can sort
two materials away from the stream at the same time instead of one. They are highly accurate but rely on
optical properties rather than shape. For example, they can detect material composition, such as the
difference between PET and HDPE plastic, based on how they reflect infrared light. However, they
cannot distinguish dark-colored materials. Some packaging manufacturers are adding radio-frequency ID
tags to recyclables that can be recognized by sorting sensors.

Financing automation in a MRF is a challenge and its impacts on collection programs is
substantial. Automating MRFs requires private and public financing through issuance of bonds, savings
from reduced landfill or incineration costs (avoided cost of disposal), funds produced from selling
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recyclables, and grants from state and federal agencies. These funding dynamics have fundamentally
changed the business model of recycling—widespread MRF processing charges are now the norm, the
main source of capitalization, and a central feature in the discussion of system financing. This creation of
a consistent revenue stream has fueled massive investments in new and revamped MRFs, but it has also
added a cost burden to collection programs in delivering materials to MRFs ($100/ton is typical). Some
state programs respond to these significant shifts. For example, one of the objectives of Oregon’s EPR’
program and the proposed Program Plan by the Circular Action Alliance in Colorado® is to have these
“gate rates” covered by EPR fees, reducing the direct cost burden to municipalities and haulers in
transacting with MRFs.

While automation may be more practical in urban areas than in smaller communities, the reduced
cost of operation may justify transporting recyclables longer distances. Although automation reportedly
can increase MRF efficiency, a remaining concern is that, instead, increased automation leads to
escalating electricity demand and associated costs. As targets for recycling efficiency increase and more
advanced technology is developed and implemented for improved MRF performance, greater
expectations and costs may be shifted to upstream sorting and collection to meet MRF specifications.
This shift will likely lead to changes in financing agreements, with coverage of shortfalls by collectors
possibly addressed by other mechanisms, such as by EPR fees (Bradshaw et al., 2025; Liu et al., 2024).
See Box 2-5 for a case study of one company using automation in a MRF.

BOX 2-5
Case Study: Rumpke Recycling & Resource Center

Rumpke Waste & Recycling Services provides waste management for 50 Ohio counties; it serves a
population of around 3 million, and 96 percent have access to a curbside recycling program. Rumpke recently
opened a state-of-the-art facility, including a highly advanced materials recovery facility (MRF) and education
center. The MRF can process 250,000 tons per year at speeds from 30 to 60 tons per hour, and it includes
sufficient redundancy to have 97-98 percent uptime. The MRF is equipped with ballistic separators, trommel
screens, 19 optical sorters, magnetic separators, eddy current processors, balers, and artificial intelligence—assisted
features for material tracking and characterization. Optical sorters are used for two- and three-dimensional
separation of plastics and paper fiber, minimizing manual sorting. The process includes recirculation of waste
material to ensure that capture of the maximum amount of recyclables. In fact, Rumpke expects to recover 98
percent of recyclables moving through the MRF. The company has invested $100 million in the facility.

SOURCES: Weiker, 2024; see also https:/www.rumpke.com.

2.3.2.2 Artificial Intelligence

Al is expected to become an industry standard to address the complexity and expense of recycling
collection and processing. It can play multiple roles in improving efficiency, increasing throughput, and
reducing contamination. For example, Al can monitor waste materials through the MRF to power an
analytical dashboard. It can optimize truck routes and logistics with a combination of GPS and GIS. And
it may produce data streams that could be useful to future modelers.

The addition of Al to optical sorting is particularly useful, as it can differentiate colors and shapes
through computer visioning, image recognition, and convolutional neural networks (Fang et al., 2023).
Combined with machine learning, the systems can continuously adapt to changes in waste streams and
recognize dirty, deformed, or damaged materials that are still recyclable.

5 See https://www.oregon.gov/deg/recycling/Pages/Modernizing-Oregons-Recycling-System.aspx.
¢ See https://circularactionalliance.org/circular-action-alliance-colorado.
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2.4 KEY POLICY OPTIONS AND RECOMMENDATIONS

Effective recycling policies require a combination of clear goals; strategic investments; and
coordinated efforts across government, industry, and communities. This section outlines key policy
options and recommendations for enhancing recycling systems, improving material recovery, and
supporting sustainability objectives.

2.4.1 Setting Recycling Goals

Policymakers at all levels of government and other actors across the waste management and
recycling system set recycling goals to identify desirable outcomes of policies and programs. Recycling
goals may be used to identify benchmarks, measure progress, evaluate success, and simplify the
communication of a policy’s or program’s purpose to important stakeholders (e.g., constituents and
citizens of a community, businesses, company shareholders). Some entities assess progress toward
sustainability using a broad set of metrics, including recycling rates, diversion rates, greenhouse gas
reduction targets, cost savings, and job creation. This range of metrics reflects economic, environmental,
and social goals related to sustainability.

EPA’s MSW Recycling Rate Goals

The most widely used metric for evaluating recycling progress remains EPA’s (2020) MSW
recycling rate calculated as the total weight of recycled MSW divided by the total weight of generated
MSW. The popularity of this metric stems from its simplicity and applicability across states and regions,
making it accessible to a range of stakeholders. In general, however, methodologies for calculating
recycling rates vary dramatically, according to which materials, processes, and sources of materials are
included in the calculation.

Many states and provinces established recycling goals, such as a 25 percent MSW recycling rate,
20 or more years ago. In recent years, as some state-level goals have been attained and surpassed, some
states are reevaluating and increasing recycling goals. Furthermore, some communities have adopted a
“zero waste” or “circular economy” framework to organize and communicate their waste and recycling
goals. At the federal level, EPA recently established the National Recycling Goal to increase the MSW
recycling rate to 50 percent by 2030.’

However, for several reasons, the overall aggregation of weight-based recycling is insufficient to
set a recycling goal as a policy. Limitations include lack of differentiation between material types, social
goals for recycling, changing rates of total MSW, and the need to distribute responsibility across the
system of actors.

First, the sum of the weights of recycled materials in the numerator does not adequately address
important factors related to the heterogeneity of materials, including the relative environmental benefits of
recycling each type of material. For example, weight does not account for how recycling a given material
decreases natural resource extraction and landfill disposal. Recycling 1 ton of aluminum offers significant
environmental advantages, such as reductions in energy use, greenhouse gas emissions, and human
ecotoxicity. In contrast, recycling 1 ton of glass has much smaller environmental benefits. The weight-
based approach overlooks these distinctions.

Second, social goals for recycling have often been overlooked or regarded as indirect factors.
Although EPA’s (2021b) national recycling strategy advocates for a more equitable and inclusive
approach to waste management, it lacks indicators to track access and inclusion.

Third, the relevant environmental and social goals relate to recycling itself, in the numerator of
the recycling rate, not total MSW as the denominator. While use of the ratio helps put recycling in

7 See https://www.epa.gov/circulareconomy/us-national-recycling-goal.
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context, it would be more appropriate if the denominator (total MSW generated) were fixed. However,
many factors will alter total MSW before EPA’s target year (2030), potentially distorting the ratio. For
instance, shrinking overall MSW generation rates would artificially increase recycling rates. Conversely,
changes that increased total MSW generation may be perceived as decreasing the recycling rate when in
fact it is associated with economic growth and improved lives. For example, a reduction in virgin
materials prices would help consumers, but it could lead to more MSW and reduce the recycling rate,
even if consumers increase their quantity of recycling in the numerator.

Fourth, the onus to reach recycling goals sometimes falls largely on households, ignoring
upstream and downstream decisions that also affect the recycling rate. For example, simple MSW
recycling rate goals often ignore whether particular wastes can be recycled at all (e.g., how much plastic
waste fits the definition recyclability of the Association of Plastic Recyclers®). They may also ignore
whether adequate end markets exist for materials collected. Considering these factors would yield more
realistic recycling goals and would better support holistic policy decisions across the MSW management
system.

Expanding from the MSW Recycling Rate

For these reasons, the committee asserts that traditional recycling rate goals need to be augmented
with new goals established around sustainable materials management (SMM). This framework focuses on
enhancing the environmental, social, and economic benefits through all life stages of a material, concepts
that are discussed throughout this report. Environmental, social, and economic benefits can be realized
across the value chain of a product’s extraction, manufacture, use, and end of life. This concept is driven
by robust data and can provide transparent and quantifiable progress toward societal betterment.

A common framework for effective goal setting is the “SMART” mnemonic that lists five critical
components of effective recycling goals, or any other goals (Hammond et al., 2015):

Specific: Is the goal clearly defined? Does it address “what,” “why,” and “how”?
Measurable: Is it possible to track progress and measure the outcome?
Achievable: Is the goal realistic and attainable?

Relevant: Does the goal align with long-term objectives?

Time-bound: Does the goal have a deadline or a time frame to work within?

Using a SMART goal-setting method will support more standardization among the range of stakeholders
while retaining the simplicity and applicability of the current metric.

Recommendation 2-1: Goals for recycling policy should expand from weight-based recycling
rates to include informative metrics for sustainable materials management. To support these
efforts, the U.S. Environmental Protection Agency should study how to combine multifaced
sustainability goals into an overall policy framework, provide guidance for state and local
governments to set and measure progress toward those goals, and use this information to
evaluate progress. National recycling goals should be material specific but flexible to account
for heterogeneity across regions and municipalities. These goals should include
environmental, social, and economic targets, including cost-effectiveness. Goal-setting should
be leveraged to design a policy framework and set new national recycling goals using best
practices such as life cycle assessment and SMART (specific, measurable, accessible, relevant,
and time-bound) metrics.

8 See https://plasticsrecycling.org/apr-design-hub/apr-design-guide/pet-rigid.
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2.4.2 Identifying and Filling Data Gaps and Needs

Data collection, reporting, and analysis are essential for guiding recycling policies and improving
overall recycling program effectiveness. Reliable data sources are also necessary to properly assess and
evaluate the impacts of specific policy choices, including those recommended by this committee.
Unfortunately, recycling data are outdated, incomplete, or inaccessible. Throughout this report, the
committee identifies data problems that hinder informed decision-making in waste and recycling systems
at the national, state, local, and tribal levels. To underscore this problem, a primary public source of waste
and recycling characteristics in the United States—EPA’s facts and figures webpage’—is 6 years out of
date at the time of writing. Furthermore, some of these data are inconsistent with estimates reported by
private entities, perhaps because of the lack of standardized definitions of various components of the
recycling system.

EPA can play a pivotal role in filling these gaps by continuing and expanding its efforts to
develop standardized definitions and measurement methodologies for collecting crucial data on recycling
in partnership with key stakeholders. For one important example, a centralized EPA platform or
dashboard could provide streamlined access to current information.

Consistent federal funding is necessary for adequate and reliable data collection, analysis, and
reporting relevant to environmental, social, and economic dimensions. A structured framework would
support the prioritized collection of such data, allowing stakeholders to address technical aspects and
support data-driven policy development systematically.

Data collection requires cooperation of actors across all levels of product life cycles, from
extraction of virgin materials to end-of-life disposal. It requires partnerships among governments at all
levels, nongovernmental organizations, and industry.

Recommendation 2-2: The U.S. Environmental Protection Agency (EPA) should enhance
data collection and reporting efforts related to municipal solid waste (MSW) and MSW
recycling programs to fill significant data gaps, to ensure sufficient and contemporary data
are available to inform policy decisions, and to aid in developing and evaluating recycling
goals based on sustainable materials management. These efforts should include appropriate
input from stakeholders including other federal partners; state, local, and tribal
governments; and industry partners. Additionally, EPA’s efforts should include:

e Updating its publicly available website on at least a biennial basis with national-level facts
and figures about materials, waste, and recycling. Where possible, this information
should expand from input-output modeling figures to include direct observation data.
Where necessary, EPA should continue to provide sufficient funding for collecting and
reporting these data.

e Developing standard definitions of recycling and methodologies on data collection and
reporting for recycling and MSW. These definitions and collection methodologies should
distinguish between pre- and post-consumer recycling and differentiate between open-
and closed-loop recycling. This public information should include, at a minimum,
material-specific data on MSW generation, recycling, composting and other food and
yard waste management, combustion with energy recovery, and landfilling. To the extent
possible, these data should also be reported at regional, state, and local levels.

A summarized list of data needs and their uses is provided in Table 2-3. This list is not exhaustive
but is representative of the need to improve data availability for decision making.

% See https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling.
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Domain

Data/Units (where applicable)

Purpose and Use of Data

Primary Actors to Collect and
Report Data

Product characteristics

e Product recyclability, composition,
recycled content

e Aggregate producer sales records by
NAICS code and region

Ensure that related policies
(e.g., EPR/PRO, interventions,
product bans) are working,
support recyclable labeling,
project future material flows

EPA, manufacturers, U.S.
Census Bureau, Federal
Reserve Board, Bureau of
Labor Statistics

Waste generation and
composition

e Timely solid waste generation
estimates, bin survey results for
major composition categories
(tons/year)

Help advance the understanding
of how the recycling system is
performing, estimate level of
contamination in recycling
streams, complete LCA and
LCI, evaluate recycling goals

EPA, states, local governments

MSW- recycling systems

e Number and capacity of recycling
programs

e Capital costs, operating costs,
revenue

Evaluate the availability of
programs, recycling capacity,
level of consumer access and
participation, and fiscal stability

States, municipalities, local
MRF owners

System costs

e Distribution of system capital costs
and operating costs

e Performance versus cost histories for
reporting MRFs

e Consolidated fossil fuel and other
virgin material taxes and subsidies

Estimate consumer cost of
recycling more completely and
accurately

Local government, compiled by
each state

State policies and rules

e  MSW facility operating rules and
reporting requirements

e Economic Incentives (taxes/
subsidies)

e Listing and brief description of state
recycling targets, tipping fee
surcharges, recyclable content goals,
recycling rates, public participation
rates

e EPR data

Identify the objectives,
economic impact, and
constraints of government
policy

EPA, state, nongovernmental,
and industry experts on policy
and regulation

Technological innovation

Descriptions and inventories of new
MREF technologies, sorting technologies
for consumers, and new patents

Understand how recycling
performance could improve in
the future

MSW research and
development experts from
industry

Environmental impacts
and improvements

Input data for LCA and LCI; greenhouse
gas emissions; air, water, land pollutants;
from waste and recycled material
transport and processing; exposures and
health impact estimates (environmental,
economic, and social metric units)

Ensure LCA and LCI are
updated and accurate

EPA

Inventory of recyclable
and recycled materials

Performance metrics, including fraction
recycled (tons/day) and other impact-
based indices

Improve markets and enable
potential buyers and sellers of
materials to be matched more
easily

Local governments, MRF
owners and operators, states

Consumer knowledge and
behavior

e Household and establishment survey
on waste and recycling

e Summaries of survey studies in
literature (links to key studies and
papers)

Provide regular direct
observations of household and
commercial behavior; to
improve the ability to evaluate
the empirical impacts of public
policies; measure social impacts
of recycling, including health,
distribution of programs;
evaluate true cost and benefits
of recycling

EPA - Surveys and bin audits
measuring behavior and
contamination; local
governments
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TABLE 2-3 continued

Primary Actors to Collect and
Domain Data/Units (where applicable) Purpose and Use of Data Report Data
Macroeconomic impacts | e Recycling process data describing | Survey recyclers to enable States, manufacturers
inputs to recycling supply chains estimates of material flowrates,
e Jobs associated with recycling and |enabling estimations of material
composting availability; evaluate recycling
e Commodity values over time (i.e.,, |impacts on economy
price of scrap and recycled materials
per ton)

NOTES: Data needs not described in Chapter 2 are further described throughout this report. EPA = Environmental
Protection Agency; EPR = extended producer responsibility; NAICS = North American Industry Classification
System; LCA = life cycle assessment; LCI = life cycle inventory; MRF = materials recovery facility; MSW =
municipal solid waste; PRO = producer responsibility organization.

Key Policy Option 2-1: The U.S. Environmental Protection Agency (EPA) could support studies
to update or otherwise fill missing data gaps to ensure sufficient data are available to inform policy
decisions on recycling. These studies could include:

e Tracking household time spent by single and multi-family households on recycling to support
more complete and accurate estimates of the economic and social costs of recycling and ensure
that life-cycle assessment models are as updated and accurate as possible.

e Regularly collecting and reporting direct observations of household and commercial behavior
related to recycling. In addition to filling knowledge gaps, these data would complement top-
down modeling in the recycling system and enable empirical study of the impact of public
policy. As part of these efforts, EPA could consider a periodic household and commercial
survey for waste and recycling akin to the Energy Information Administration’s Residential
Energy Consumption Survey.
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3
Benefits and Challenges of Recycling Programs

and the Role of Policy

Summary of Key Messages

e Economic constraints on recycling programs: Recycling programs face significant economic challenges,
particularly related to high operational collection and infrastructure costs, limited local budgets, and unstable
resale values for recyclables. Smaller municipalities, especially in rural areas, struggle to achieve economies
of scale, making recycling programs financially unsustainable without external support.

e Balancing environmental benefits and external costs: Recycling offers substantial environmental benefits
by reducing landfill use and multiple polluting emissions associated with virgin material production and use.
While recycling processes also introduce external costs, including emissions from transportation and energy
use during manufacturing, the environmental benefits of recycling can outweigh these costs. Effective
policies balance these trade-offs to optimize environmental and social welfare.

e Heterogeneity is a significant factor in recycling programs: The implementation of recycling policies is
complicated by heterogeneity—that is, a broad range of differences across costs, benefits, existing
capabilities, different material volumes, transportation distances, access to end markets, and cultural norms
across regions.

e Recycling programs require policies that are region specific, flexible, targeted, enforceable, and easy to
understand: A one-size-fits-all approach to recycling policy may be ineffective, given differences across
U.S. regions and municipalities in recycling capabilities, population densities (rural versus urban), economies,
and environmental concerns. Tailored national policies that address regional and local constraints and provide
targeted support can enhance the effectiveness and sustainability of recycling programs across the United
States.

e  Market failures from incorrect incentives: Even with access to recycling, households and businesses that
decide which items go to the landfill or to recycling do not face all of the social and environmental costs of
their choices (e.g. external costs from virgin material extraction and from landfill disposal). Policy
interventions need to account for these inherent market failures by sufficiently encouraging recycling at the
system, commercial, and household levels.

Recycling involves choices by households, businesses, and many levels of government. This
chapter takes a step back to first consider the role of government in the recycling system. In order to
identify major goals for waste and recycling policy, the chapter considers the fundamental problems that
recycling may address and how governments might be able to reduce those problems. It then describes the
logic of how each alternative public policy can help, including the advantages and disadvantages of each.

3.1 WHAT PROBLEMS SHOULD RECYCLING POLICIES FIX?

Recycling is a concern not only for households and businesses but also for policymakers at local,
county, state, and federal levels. Later chapters detail the funding provided by municipal governments and
regulations from higher levels. But what goals should governments set when choosing waste and
recycling policies and financing? If consumers and firms took into account all the relevant costs and
benefits of their waste and recycling decisions, government activity may be unnecessary. But in reality,
policymakers need to intervene to address a well-identified market failure—a misalignment between
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private incentives and social costs and benefits (the term applies even where no formal market exists).
Policymakers may also intervene when the distribution of costs and benefits across households does not
align with social goals.

Two categories of market failure are particularly relevant for waste and recycling. The first is
“public goods,” where government provision can increase social and economic welfare. This category can
encompass basic waste collection, economies of scale, information, and transaction costs. The second
category of market failure is ignoring external costs such as from waste collection, recycling, and virgin
materials extraction. Markets may also ignore costs for future generations if resources are depleted,
especially nonrenewable resources.

3.1.1 Public Goods

When the public values a benefit such as a park, bridge, or wildlife preserve, the government may
provide this public good because it would not be cost-effective for a private firm to do so. A firm would
need to charge a price from every user, which may be impractical to enforce (e.g., charging to cross a
pedestrian bridge or to enter a huge wildlife preserve). If people value the public good by more than its
cost, then a government can use tax revenue to buy the land, build the infrastructure, provide beneficial
use for free, and raise total social welfare, which is defined as including economic value, environmental
value, and social justice. Similarly, a waste collection and disposal firm, which charges a price high
enough to cover its costs, cannot prevent people from disposing of waste at no cost by dumping it in a
remote area.

Municipal waste and recycling collection is inherently a public good because individuals cannot
be charged for their benefits from environmental and public health protection (i.e., the reduction of the
external environmental costs from waste disposal). Health problems associated with improper waste
management have confounded cities back to ancient Athens and Rome. Regarding colonial America,
Melosi (2004) writes, “In eastern cities, where crowding became a chronic problem as early as the 1770s,
the streets reeked with waste, wells were polluted, and deaths from epidemic disease mounted rapidly.”
Early policymakers recognized waste collection as an essential public service that government must
provide (or must ensure provision by regulated private firms). They later recognized that waste can be
controlled more sustainably by recycling materials that can be sold to offset some costs.

Even when governments rely on private entities—including households and waste management
firms—they can support effective waste management in their jurisdiction by taking on some fixed costs,
namely providing information, and by addressing economies of scale.

Governments may support waste management in their jurisdiction by taking on the fixed costs of
gathering, verifying, and disseminating information. Households need information about what material
can be recycled, how to sort these items, what day they are collected, and how to store them until
collection. And each materials recovery facility (MRF) needs information on preparing recycled materials
for sale, finding buyers for each material, negotiating prices and contracts, and generating forecasts about
future prices. Additionally, new market entrants can benefit by making use of the government-provided
information, brokerage services, and standardized contracts. Thus, free provision of information can
improve recycling behavior and recycling markets, thereby reducing environmental damage.

Governments can also address challenges associated with economies of scale through tax dollars.
Landfills, for instance, certainly exhibit economies of scale. They require large pieces of equipment or
facilities to operate (e.g., scale house, compactors, scrapers) regardless of the landfill size or the quantity
of waste to be disposed. Smaller facilities will therefore have a higher capital cost per unit of waste
disposed, while larger facilities can spread these costs over a higher quantity of waste, to achieve lower
per unit costs. Thus, in areas of lower population density, governments may need to use tax dollars to
support landfills.

For similar reasons, MRFs also exhibit economies of scale that cause market failures in some
cases, especially in small towns and rural areas. Industry experts report uniformly that operating costs per
ton are high for rural, less densely populated areas using labor-intensive technology, and that costs per ton
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are much lower for urban, more densely populated areas using capital-intensive technologies (Pressley et
al., 2015). Bradshaw and colleagues (2025) concluded, “Small MRFs report minimal equipment use,
relying primarily on picking lines for sorting. Advanced sorting technology such as optical sorters, robots,
and infrared spectroscopy are used exclusively in large MRFs, reflecting the importance of quantity of
inbound material to justify capital investment in equipment.” Another challenge for rural areas is that they
tend to be located at long distances from a MRF, and the MRFs they use tend to have long travel times to
end markets for recycled materials. In some locations, a hub-and-spoke system, as discussed in Chapter 2,
could help reduce costs for multiple, small-population, rural areas that together incur the up-front cost to
build one MRF of sufficient size to achieve cost-effectiveness.

Economies of scale are not a market failure in densely populated areas with competition among
several large MRFs. In remote areas where only one MRF can achieve cost-efficient size, however, a
private firm could take advantage of market power and raise prices. This market failure can justify local
government ownership of the large cost-efficient MRF, or possibly local government regulation of the
price charged by a private, cost-efficient MRF.

In addition, hybrid facilities can partially process materials in locations with lower population
densities; these limited sorting facilities are already a key part of an efficient system in many parts of the
country. Other areas, with even greater transportation distances and lower throughput, will benefit from
public policy that uses tax revenue to help build a MRF that is government owned or regulated. Instead of
allowing a private firm to charge a price high enough to cover all costs, this policy can cover the cost of
recycling while encouraging more quantity by charging a low price per additional ton.

In summary, governments can support waste management activities by providing information to
the public and to waste management firms, and by leading and subsidizing efforts to achieve cost-
effectiveness. Alternative sources of funding are discussed in Chapter 4.

3.1.2 External Costs

Recycling and other aspects of waste management are part of a broad process that extends from
mining minerals in the most remote parts of the world to manufacturing food and household goods, to
consuming those goods, to disposing of the resulting waste. Decision-makers throughout these stages may
perceive some costs and benefits but not perceive or experience other costs; these are known as external
costs. Ignoring external costs can lead to private decisions that are not socially optimal; it can lead to a
view that virgin materials are economically favorable, despite the overall advantages of using secondary
materials. This market failure can be addressed by public policy or regulations that balance private and
external costs and benefits and thus raise social welfare.

A household that sorts wastes for recycling and disposal receives no private compensation for
these actions. The household also receives no benefits from buying items that are cheaper for MRFs to
process or that yield higher-value recyclables.' Although many households still choose to recycle and buy
recyclable products for social reasons, not all households have this value structure, nor do all have the
luxury to spend time on activities that yield no financial reward.

Public policies may address this misalignment of incentives for households in two ways: First,
policies may create a financial incentive for recycling. Examples of such policies include a deposit-return
system and programs that charge a price per bag of garbage. All such policies are further discussed in
Chapter 4. Second, in light of the lack of compensation for households, public policies may attempt to
increase the convenience of recycling through single-stream curbside recycling and weekly rather than
biweekly services.

Municipalities face key tradeoffs. Incentives for households to recycle may include lower costs
for recycling than for disposal, but those incentives may also affect litter, dumping, and contamination in
the recycling stream. Also, municipalities’ recycling may create external costs such as noise and air

! A lack of incentives for households to care about recyclability translates into a lack of incentives for product
producers and retailers as well.
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pollution from recycling trucks. Most municipalities will not account for the external costs of their
recycling activities that are imposed on other jurisdictions.

Existing regulations may help reduce external costs. For example, landfill regulations require
protective linings to capture leachate, and can require methane capture; some states provide incentives for
using that methane for heat or electricity generation. These policies reduce external costs to the
environment but place burdens on municipalities. Several states, including California, Washington, and
New York, have carbon fees or cap-and-invest programs that include landfill and vehicle emissions,
transforming the leachate and air pollution costs from external to internal. These fees are typically paid by
municipalities, waste management operators, and ultimately consumers through waste collection fees,
landfill tipping fees, and carbon credit purchases. Some costs are passed to businesses and producers, in
locations where extended producer responsibility (EPR) programs apply. Still, remaining indirect and
external costs may justify policies that encourage recycling.

Recycling policies and regulations aim to balance economic and environmental trade-offs,
shifting costs and benefits across different stakeholders. While municipalities may benefit from lower
landfill costs and reduced litter, they also face external costs such as increased truck emissions and noise
pollution. In some cases, existing regulations help internalize these costs—for example, landfill fees and
carbon pricing programs place financial burdens on municipalities, waste operators, and consumers to
account for environmental impacts. However, not all external costs are fully addressed. Gaps in
enforcement, inadequate infrastructure, and insufficient incentives can lead to unintended consequences,
such as illegal dumping, unsustainable resource extraction, and environmental harms that extend across
jurisdictions and generations.

Littering and Dumping

Regulations on haulers and landfills may lead to higher fees for legal waste disposal, which may
inadvertently provide incentives for litter or improper dumping. Most jurisdictions have rules against
these practices that are not enforced and are easily ignored. The social or environmental costs of littering
and dumping can be substantially higher than those of landfills or recycling facilities, but those costs are
external to those who commit these acts. Litter is a visual pollutant, and its removal to a landfill is much
more costly than curbside collection of waste. Illegal dumping has even higher external costs, including
substantial damages to ecosystems. Many policymakers have addressed this market failure by enacting
deposit-return systems—for example, for beverage containers (to avoid visual pollution from litter) and
lead-acid batteries (to avoid the serious health costs of lead exposure).

Virgin Materials Extraction

Research shows that the external costs per ton of virgin materials extraction are substantially
higher than those per ton of waste or recycling. Advocates of a circular economy point out that recycling
provides secondary materials for use as inputs for production and thus can reduce the need for mining
new metals and harvesting new timber (Fullerton and Kinnaman, 2025; Stahel, 2016). The use of
secondary materials for product manufacturing and infrastructure is advantageous from environmental,
sustainability, and materials security perspectives. But mining and other primary sources continue to
dominate material supply chains for several reasons, including the greater ability of mining sources to
meet high-volume demand in a reliable manner, the history of existing infrastructure and contracts for
primary sources, and the variability (and low predictability) of recycled material prices (Moore et al.,
2024; Schmidt, 2021).

For 100 years, the Eagle Mine in Colorado extracted virgin materials including gold, silver, and
zinc. The U.S. Environmental Protection Agency named it a Superfund site in 1986, pointing to soil
contamination from large quantities of arsenic, zinc, cadmium, and lead. The mine also killed fish in the
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Eagle River and threatened downstream drinking water. Resulting environmental damages were estimated
using empirical models of residential house prices, finding reductions in property value. Within 6 miles of
the mine, these devaluations were about $25,000 per house, in 1985 U.S. dollars (USD) (Damigos, 2006).
Current mining activities face stronger regulations than in those past years, so their damages are lower but
not necessarily small. What is more, external costs can be substantial in developing countries with less
regulation.”

Many studies of external costs from virgin materials extraction use life cycle assessment models
to estimate overall environmental costs associated with final products sold to consumers. Kinnaman
(2014) summarizes external costs per ton of virgin materials extraction and also external costs per ton of
waste at the end of a product’s life. His estimate of the external cost of waste disposal is only about $10—
$15 per ton, and the external cost of recycling might be similar; but the external costs of some virgin
materials extraction can be over $200 per ton. If mining policy does not directly address external costs,
and if recycled material is a good substitute for virgin material to make a new product, policy
interventions by U.S. and state governments may be justified. Such policies include those that encourage
recycling; make recycled inputs cheaper; and reduce use of virgin materials, thus reducing environmental
damages from extraction.

Interstate and International Pollution and Harms

Because municipal solid waste (MSW) recycling budgets are often limited, municipal
policymakers may not worry about environmental damages from extraction of virgin materials elsewhere
in the United States or in other countries. The same is true for environmental and public health harms
associated with pollution due to exporting recyclables and other waste (e.g., electronics) to other
countries. External costs that cross many jurisdictional boundaries could be addressed by financial
support and other policies at the federal level that can maximize U.S. economic well-being by taking into
account all direct, indirect, and external costs on all U.S. citizens. And external costs can become more
internal and direct when U.S. citizens care about damages to ecosystems and wildlife around the world;
this concern may increase support for policies for reducing interstate and international costs of recycling
and waste disposal.

Future Generations

Using natural resources has costs for future generations that may not be felt by present
generations. For instance, funds can be raised from private investors for major investments to build new
sanitary landfills. Those investors earn a return by charging fees sufficient to cover the reduction in the
value of their investment as the landfill becomes full. Indeed, higher fees that reflect the full costs of
landfills can provide incentives for recycling. And landfill owners can use the extra fees to reinvest in
future assets. But these dynamics do not address the reduction in the remaining value of the land from
resource depletion. For another example, public lands are leased to private companies for mining, forestry,
and other resource extraction. Economic studies show that these public lands and even private lands are
often leased at rates that are too low to cover environmental damages or the reduction in land value from
using up the resources on the land (Prest, 2022). These activities impose a cost on future generations, as
well as people alive today who will live long enough to feel the reduction in national wealth.

2 One study of mineral mining in Indonesia estimated damages from mining noise, dust, decreased quality and
quantity of groundwater, and various air pollutants. From interviews with 50 households, Furoida and Susilowati
(2021) collected a combination of objective data and other qualitative information about costs of illnesses and of
replacing losses to water supply. They estimate that the average family’s loss is about 143 USD/year, a substantial
figure in an area where the average annual income is 205 USD.
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Sustainability

To some extent, finite resources can be depleted and still satisfy the definition of sustainability, if
reductions in natural resources are offset by new investments that ensure that future citizens are at least as
well off as current citizens (Solow, 1991). Those new investments can be in the form of physical
infrastructure, technology, or intangible assets. However, if investments are insufficient to maintain future
well-being, then using up natural resources imposes an external cost on future generations across the
country, including long-term pollutants such as greenhouse gas emissions, and depletion of land,
minerals, and other natural resources.

The local governments and private parties that fund most recycling in the United States (see
Chapter 4) cannot be expected to account for the external costs such as littering and dumping or virgin
material extraction that are felt outside their jurisdictions (across states and internationally) and in future
generations. State and federal governments must help if these external costs are to be taken into account.
This help may come in the form of support for local policies with statewide and national benefits that
justify funding from higher levels of government. So far, state and national policymakers have enacted
targets and even mandates for MSW recycling programs (see Chapter 7). Most of these mandates are not
funded, however, so they impose costs on municipalities for the sake of statewide or nationwide benefits.
Finally, moreover, accounting for external costs of waste disposal and recycling would also likely affect
product design and prices.

3.2 THE HETEROGENEITY OF RECYCLING

Different materials have different optimum recycling levels, which change over time; thus no one
public policy is ideal for all materials. Both waste management in general and recycling in particular have
costs and benefits that are extremely heterogenous. This heterogeneity affects both private household
costs and benefits and the public policies that will be most effective.

First, material type is key to determining whether items should be recycled, landfilled, or
incinerated. Each household or commercial recycling bin could include bottles and jugs made of
polyethylene terephthalate (PET) and high-density polyethylene (HDPE), cans made of aluminum and
steel, paper, cardboard, and glass bottles and jars. These materials are typically processed cost-effectively
by a MRF; other materials that could technically be recycled cost more to collect and process than they
can earn in end markets. In addition, many materials are not accepted at MRFs because they do not have
critical mass in generation to link to regular truckload shipments of those materials to markets. These
factors are affected by available technology and market fluctuations (Table 3-1). In addition to immediate
financial cost considerations, some inert materials could remain in landfills with low external costs, while
other materials (e.g., lithium-ion batteries [see Box 2-1]) are dangerous for MRFs to handle.

Second, as discussed in earlier sections, waste management in general and recycling in particular
differ greatly across locations. Large cities usually have good access to recycled commodity markets, but,
in some cases, remote locations can have extremely high costs of recycling. Collection trucks must travel
further to the MRF, which raises costs even before that material can be cleaned, crushed, and baled. Then
the bales may require longer and more expensive transport to end markets. Geography, community size,
and access to markets are complex in the United States and result in different experiences with recycling.
Locations also differ by demography and preferences, which can increase the costs of promoting
participation in recycling programs. Table 3-1 shows how private and external costs and benefits together
can make recycling socially worthwhile, even when private costs exceed benefits, for some material
types. Accounting for these external costs can justify public intervention to encourage or require
recycling. Other material types have lower total costs and higher net social benefits associated with
disposing of them in a landfill.

Third, waste disposal choices might need to differ across time because of changes in technology,
market prices, preferences, and other conditions. An older MRF may rely on labor-intensive technology
to collect and sort materials and to clean or bale each material. Newer facilities have capital-intensive
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technologies where the truck can dump mixed materials onto a conveyor belt that uses video cameras
trained by machine learning to identify each material. Then a puff of air or a robotic arm can cost-
effectively move each item to the appropriate pile. Other examples appear in the third column of Table 3-1.
End-market prices for each recycled material change over time and are often quite volatile.

TABLE 3-1 Examples of the Wide Variation Across Components of Cost for Waste and Recycling

Dimensions of Variation

values, offsetting cost at
MRF

Glass can cross-contaminate
other recyclables and raise
facility maintenance costs
Glass has low value in end
markets

Higher value for clear glass
or plastic than for colored
glass and plastic

MSW that contains lithium-
ion batteries creates high risk
of fires, raising internal cost
ata MRF

e Rural areas have higher
transportation costs

e Manual, low-volume MRFs can
be more expensive than
automated MRFs

e Household storage of
recyclables is more costly in
areas with high housing costs
per square foot

Costs Different Materials Different Locations Changes Over Time
Private cost of |e Secondary aluminum, PET |® MRFs in some locations face e Improved sorting technology
recycling and HDPE have high market high wage costs reduces MRF labor costs and

improves quality and value of
commodities

Easier international trade raises the
value of sorted recyclables but can
be subject to volatile political
tensions for some commodities
such as mixed paper, metals, and
mixed plastics

End market prices are volatile, so
MREF planning is risky and difficult
if based on commodity value

External cost of
recycling

Because of mixed
components and cross-
contamination, processing
paper can yield high levels
of residues

MSW that contains lithium-
ion batteries creates high risk
of fires, raising external
costs from a MRF

e Rural areas with longer
distances to a MRF or end
markets use more fuel, raising
emissions

¢ MREFs in a populated area
impose larger damages from
traffic, noise, odors

Sorting improvements reduce MRF
residuals

Paper manufacturers incorporate
more secondary fiber, reducing
timber harvest activity

Technology improvements allow
better control of MRF odors

Private cost of
landfilling

Bulky items cost more to
transport and to landfill
Plastic bags are costly to
collect, but small and light to
transport

e Landfill tipping fees vary across
the country

Local opposition can raise
private costs of a new landfill

Technology changes can facilitate
compacting of waste in landfills,
and restoration upon closing

External cost of
landfilling

Plastic waste may result in
the release of microplastics
Food waste creates more
leachate and gas
Other materials create
methane (a greenhouse gas)
or leachate (which may
contain other pollutants)

Soil attributes in some areas
make leachate or emissions
more damaging

e Areas relying on waste
combustion create air pollution,
with higher costs in populated
areas

Improved methane capture from
landfills reduces climate harms
from waste

Technologies include sanitary
lining, leachate collection, and
venting

External cost of
litter or dumping

Some dumped items can
pose risks to wildlife through
entanglement, ingestion, and
habitat disruption

Toxic liquids from
improperly disposed wastes
get into groundwater

e Dumping in areas with sensitive
ecosystems has higher external
costs

e Litter in areas with larger
population has higher external
costs

Technology can create new
materials that have higher external
costs of dumping

New biodegradable products can
reduce external cost of dumping

NOTE: HDPE = high-density polyethylene; MRF = materials recovery facility; MSW = municipal solid waste; PET
= polyethylene terephthalate.

Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.



https://nap.nationalacademies.org/catalog/27978?s=z1120

Municipal Solid Waste Recycling in the United States: Analysis of Current and Alternative Approaches

56 Municipal Solid Waste Recycling in the United States

To further explore the role of volatility in end-market prices, Table 3-2 shows the change in price
for each of seven materials from 2020 to 2021. The lowest price increase was 69 percent, but most prices
in this table tripled between those years. Any large jump in price may be followed the next year by a
larger price crash. This price volatility increases risk to planners trying to ensure that MRFs are profitable.
Thus, strategies are needed for dealing with volatile prices, even if the average price over time is
adequate. This risk can be shifted away from MRFs by long-term contracts. For example, MRFs are now
ensuring cost recovery and margins through processing fees.

TABLE 3-2 National Average Prices per Ton

Dollars per Ton
Commodity September 2020 September 2021 Ratio 2021/2020
Corrugated cardboard $60 $171 2.85
Mixed paper $18 $96 5.33
HDPE $1,100 $2,169 1.97
PET $130 $511 3.93
Polypropylene $105 $663 6.31
Aluminum cans $915 $1,550 1.69
Steel cans $78 $250 3.21

NOTES: Prices based on materials sold after they are cleaned, crushed, and baled. Glass is not listed because it is
near zero or negative, depending on location. HDPE = high-density polyethylene; PET = polyethylene terephthalate.
SOURCE: SWANA, 2021.

Moreover, the question of whether an item ought to be recycled does not depend on the private
and external costs of recycling alone. It also depends on external costs for other forms of disposal—
sending to a landfill, littering, or dumping. While a particular material might not be recycled through a
MREF because private costs are high or its sale price is low, that same material may have much higher
external costs in a landfill, and even higher if it is littered or dumped. In that case, environmental damages
will differ across these various materials, their toxicity, their persistence in the ecosystem, and their threat
to wildlife. Damages for each material type will also differ by location, the social value of the ecosystem,
and the fragility of the ecosystem. Box 3-1 displays a mathematical formula for assessing the net social
costs of recycling versus other forms of disposal. For an application of those formulas, Box 3-2 considers
a case study for determining the net value of recycling a specific material in a specific place—namely,
glass jars or bottles in Fargo, North Dakota.

3.3 POLICY APPROACHES THAT RESPOND TO HETEROGENEITY

While some municipalities may choose to recycle many materials, a few might be wise to recycle
fewer or even no items (e.g., a town in a very remote location with low access to commodity markets and
low landfill costs). A state or national policy that requires a uniform list of recycled materials may result
in costs of recycling that exceed its social and environmental benefits.

Trade-offs arise between the simplicity of the recycling system and the balancing of costs and
benefits. Consistent rules about what can or cannot be recycled are easier for consumers to understand
and can reduce the information burden of the system; however, as mentioned above, consistent rules may
create too much uniformity.
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BOX 3-1
Is Recycling Worth It?: A Formula for Assessing Net Social Costs

A municipal solid waste authority must decide whether a particular item is to be collected for recycling, “R”
or sent to a landfill, “G.” Suppose the private cost of recycling exceeds the private benefit from selling it, so the
net “private cost of recycling” is positive. Call it PCR;;; (for item i in location [, at time t). The external cost of
recycling it is ECR;;;. Those private costs plus external costs are the social cost of recycling. In addition, the
external cost of mining a new source of the material is ECM;;;. Then the net social cost of recycling this item, on
the left side of the comparison below, is the net private cost and external cost, minus the avoided external cost of
the amount of mining that would be needed if this item were not recycled:

To enhance environmental and economic welfare (i.e., overall social welfare), the net social cost of recycling
on the left must be less than the social cost of placing that item into a landfill or incinerator instead (PCGj;; plus
ECG;;;, on the right). The heterogeneity in those variables means that welfare-maximizing decisions depend on
measuring all five kinds of costs for each material in each location at each point in time. In other words, optimal
recycling policy is complicated. No single policy is best everywhere for all recycling, and these local policies may
need to change as technology improves with time.

SOURCE: Based on Fullerton and Kinnaman, 2025.

BOX 3-2
Case Study: Recycling Glass Jars or Bottles in Fargo

To assess the value of recycling glass jars in Fargo, North Dakota, several key pieces of information need to
be researched and measured:

1. Private costs, which might be higher than for other items because glass is dense and requires extra care to
avoid hazardous breakage during collection.

2. Capital and labor costs, which are specific to the area of Fargo.

3. External emissions costs, which might be lower than other items, as clean glass gives no odor or toxic
emissions in the materials recovery facility.

4. External extraction costs, which are not trivial for acquiring new virgin material if this jar is not recycled.
The principal source of silicon dioxide for making glass is sand, usually taken from beach, river, or lake
deposits (Corning, n.d.).

5. Private and external costs of landfilling the recycled jar instead. Direct private costs of landfilling depend
on cost of transport or distance to the landfill versus the materials recovery facility and the price of
land—which is lower in North Dakota than in many other states. And glass is relatively inert in the
landfill, causing no leachate or methane emissions.

This initial overview is not intended to be conclusive but to demonstrate the difficulty of research and
measurement even to determine whether the total net social cost of placing this item in the landfill is higher or
lower than the total net social costs of recycling the glass jar. In other words, recycling in this example may or
may not reduce total costs or enhance social welfare.

Several state EPR laws for packaging aim to create more uniform curbside recycling programs
across the state. However, the requirements vary not only between states but sometimes within a single
state. For example, Oregon’s EPR law includes a Uniform Statewide Collection List, but it makes an
exception for glass collection in the Portland Metro region. California’s program also includes a standard
list of materials that must be accepted in curbside recycling, but local jurisdictions are allowed to add
more items if they choose. These examples show that while uniformity is often a goal, states still
recognize the need for flexibility in how recycling systems are implemented.
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With differentiated rules over time and space, recycling information is bound to be imperfect and
sometimes outdated. Consumers may receive conflicting information when they talk to people in other
jurisdictions that have a different list of recyclable items. MRF operators often complain about
contamination by nonrecyclables in the recycling bin, but some amount of improper sorting may be a cost
worth paying to allow flexibility in the rules. Future technology that improves sorting of single-stream
recycling (e.g., using artificial intelligence) may thus have the benefit not only of improving the quality of
secondary materials, but also of making complexity less costly.

3.3.1 “Ideal” Waste Management Policy

It is helpful to sketch out an “ideal” or “optimal” policy (although its implementation would be
infeasible) as a benchmark for comparison with real policies. One version of such a policy relies on the
economic idea of using corrective taxes (known as ‘“Pigovian” taxes, from Pigou, 1920) to make every
external cost into a cost borne by private parties. The Pigovian tax system would place a tax on every
activity that generates an external cost, which could include a tax not only on garbage heading to the
landfill, but also on dumping and virgin materials extraction (e.g., mining). Household waste going to
landfills imposes external costs on society that households do not consider when sorting their waste.
Market-based initiatives can internalize the cost of the externality by increasing the relative price of
sending waste to landfills. The effectiveness of these instruments depends on the demand elasticity with
respect to the tax or price. Low price elasticity makes these instruments either environmentally ineffective
or costly.

If every polluting activity was discouraged appropriately by the right tax rate, then recycling
policy would not have to take on goals related to those other activities. In that case, the ideal system
would only tax recycling at a rate that reflects its own external cost (see Box 3-3).> However, the
possibilities of illegal littering, dumping, or burning of waste present major obstacles to the Pigovian tax
approach. Because a tax on garbage collection would raise the cost of legal waste disposal, it might
encourage substitution with illegal waste management. Illegal littering and dumping have very high social
costs but are nearly impossible to tax and very difficult to observe, regulate, or punish. However, the job
of discouraging litter might be shifted to other policies that apply to activities that are market
transactions, such as the deposit collected on beverage containers upon purchase in some states and the
refund paid for their observable and documented return after use. The right-hand column of the table in
Box 3-3 shows the optimal deposit-return system (DRS) that is equivalent to the ideal tax system. Real-
world policies do not need to work perfectly, of course, but this column clarifies usefully that the perfect
DRS would need to be tailored to the toxicity of the item and to the ecosystem fragility of its possible
dumping location, as well as to changes from year to year as technology and costs evolve.

This discussion can be summarized in three key points. First, an ideal set of tax incentives on
every form of disposal might be infeasible, but the same outcomes can be re-created by a feasible
combination of appropriately chosen tax and subsidy rates (i.e., deposits and returns). Second, this
optimal DRS can include many items in addition to beverage containers and lead-acid batteries. It can
include any item for which disposal choices can be redirected away from improper disposal. Third,
heterogeneity is relevant not only to the ideal tax system but also to the ideal DRS; the optimal deposit
rate and refund can depend on the waste material and the location where dumping is most costly.

3 These “ideal” taxes are useful for a conceptual discussion about how to fix problems with external costs, but do not
fix other market failures, such as monopoly power, or public goods, such as information or economies of scale.
Also, this conceptual discussion pertains only to the optimal pricing of each activity like landfill disposal, recycling,
or illegal dumping. It does not deal with the practical issues of implementation, enforcement, administration,
financing, political feasibility, or the distribution of burdens from such taxes. These topics are discussed elsewhere
in this report.
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BOX 3-3
Optimal Incentives via Taxes or Deposit-Return System

A list of heterogeneous waste material costs is indexed by item i in location [, at time t. Suppose the external
cost of placing it in the garbage is ECG;;,, the external cost of recycling it is ECR;;;, and the larger external cost of
dumping it is ECD;;¢. A simple model like the one in Fullerton and Kinnaman (1995), where firms and households
are only interested in their own private costs and benefits, can be used to show how two policies can achieve the
same first-best optimal recycling increases and dumping reductions.

The first column of Table 3-3 shows the optimal tax system of Pigou (1920), with no tax upon purchase of the
item, but with a set of positive tax rates: the tax is ECGj;; if it is placed in the garbage and ECD;;; if it is dumped.
However, if the tax on dumping is infeasible, then the exact same optimal outcomes can be achieved by a deposit-
return system (DRS).

TABLE 3-3 Comparing Pigovian Tax Rates with Deposit-Return Systems Costs

Pigovian Tax Rates Item-Specific DRS
Tax on Purchase 0 ECD;;; >0
Tax on Garbage ECGy: >0 ECGy; — ECDy, <0
Tax on Recycling ECR;;; >0 ECR;;; — ECD;;; <0
Tax on Dumping ECDy, >0 0
Tax on Mining ECM;;: >0 ECM;, >0

The optimal DRS charges a tax (i.e., deposit) upon purchase of any item, at a rate equal to the external cost of
dumping that item in that location that year (ECD;;;). Then the “tax” per unit of garbage is equal to its external
cost (ECGj;;), minus the refund of the original deposit (ECD;;;) because it was not dumped illegally. That net tax is
negative (a subsidy to garbage collection), because the refunded amount (damage from dumping) is larger than the
damage from putting in in the garbage. Garbage collection is indeed subsidized using local tax revenue.

The optimal tax per unit of recycling is equal to its external cost (ECR;;;), minus the refund of the original
deposit (ECD;;;). This net tax is also negative (a subsidy), because the refunded amount (damage from dumping)
is larger than the damage from recycling. If the external cost from garbage is higher than from recycling, then the
optimal rate of subsidy to recycling is larger than the subsidy for garbage collection.

In a different model, Palmer and Walls (1997) calculated optimal rates for a DRS, finding that the
deposit must equal the refund, and that both must be set equal to the marginal external damage per unit of
disposal. Because of transactions costs, Numata (2011) argued that the refund should be equal to the sum
of the following three components: (1) the suppliers’ marginal net revenue from collecting and treating
used, returned goods; (2) the marginal external cost; and (3) the deposit multiplied by the share of the
unredeemed deposits that the government and the recycler collect from the supplier. Porter (1983) also
disputed the perhaps intuitive-seeming notion that higher deposit and refund amounts necessarily lead to
higher return rates. He noted that, although Michigan had relatively high deposit-refund amounts of 5-10
cents per aluminum can (other U.S. states at the time had deposit-refund amounts of 2—5 cents per can)
recycling rates in Michigan were not higher than other states. Chapter 4 discusses DRS in detail and
examines available data for assessing their effectiveness.

3.3.2 Recycling Subsidies

Alternative economic choice models can help gain general insights into behavior and the factors
likely to influence it. More detailed models can allow extensive evaluations of system constraints,
feasibilities, and actual performance, but they may require more extensive data collection, calibration, and
verification. Including such information in MSW data collection efforts is thus an important part of
improved nationwide recycling assessment and design.

Fullerton and Stechuk (2024) solved for an alternative tax system for when the ideal is infeasible.
They suggested a tax on garbage and negative tax on recycling (a subsidy for recycling) that can help
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divert waste from other untaxable forms of disposal with high external costs. This subsidy might be
difficult to provide per household recycling cart, but similar incentives can be provided with easier
administration if the subsidy for each recycled material is paid to a MRF per ton of recycling that is
cleaned, crushed, and baled. It could even be set for each material at a different rate that reflects its
damage to the environment if not recycled. To obtain more of this subsidy, the MRF has incentives to
encourage household participation. In general, the ideal subsidy per cart or per ton has the logical
advantage of getting people to recycle additional carts or tons, but similar effects might be achieved in
other ways. Cities can get more people to recycle and achieve additional quantities simply by devoting
additional municipal expenditures to aid recycling generally, including collection, transportation, and
processing at MRF facilities. This logic provides the strongest rationale for most existing recycling
finance and policy (Fullerton and Stechuk, 2024). Moreover, since many external costs from waste
disposal spill over to other counties and states, this logic also provides a rationale for funding from higher
levels of government for proper MSW management.

3.3.3 Quantity Regulations

This discussion of externalities can also explain the conceptual equivalence between tax
incentives and quantity regulations. For example, a recycled content standard (RCS) requires that a
certain fraction of each produced item must be composed of recycled material. And an EPR rule can
require that the producer be responsible to pay for disposal of their packaging or even the eventual
disposal of the item they produce. These regulations are discussed in more detail both in this chapter and
in Chapter 4.

3.3.4 Trade-Offs
Each tax or regulatory approach has trade-offs. For example:

e The tax or fee approach may have lower information and administrative requirements. To set
each tax rate (or deposit-return rate), a policymaker needs to know only the external cost of
disposal. To set the optimal behavior or quantities, however, they also need to know how
households and MRFs would react to those tax rates in adjusting their behavior and the
chosen disposal quantities. Imperfect information means imperfect regulations.

e Uncertainty can be a challenge in either approach. If policymakers require a specific quantity
reduction, the costs of compliance could end up being too high. But if they set a tax rate
instead, they provide no guarantee it will lead to the intended reduction in waste, since
households and MRFs might not adjust their behavior as expected.

e Voters tend to oppose new taxes, so adding a tax might be politically infeasible; on the other
hand, voters may support a new tax if it provides revenue that can be used to cut other tax
rates, or for some other useful purpose.

e The distribution of tax burdens will likely differ, depending on the chosen policy, but not
always in the ways that might be expected. A tax on waste disposal is a very visible policy
with high salience to households, and its burden might be a higher fraction of income for
those with low income. Perhaps the revenue from the tax can be used to help these
households. In contrast, regulations can have similar effects, but their burdens on households
are less transparent. Levinson (2019) showed how and why regulatory burdens on low-
income households can be higher than tax burdens on low-income households. For example,
“a policy that targets energy-efficient appliances, either by subsidizing efficient ones or
taxing inefficient ones, will favor richer households because they already spend more on
energy efficiency” (Levinson, 2019).
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e Either policy type can be difficult to change as circumstances change. New information about
external costs might suggest a change to either disposal taxes or regulations. But each would
also require an update to account for changes in economic growth, behavior, or technology.

In some ways, the above distinctions between taxes and regulations are overstated. While a waste
tax or DRS is a price-incentive policy, and regulations are not, a requirement to undertake particular
activities or to reach certain targets will affect relevant prices in the economy, and these price changes
themselves are incentives. For example, a regulation may require producers to pay for packaging waste
(i.e., EPR). Knowing they must pay for this waste, producers will charge higher prices to cover future
disposal costs, with greater price increases for those products with high-quantity packaging and/or
packaging with expensive disposal. Thus, the cost to consumers for such regulations may be equal to the
amount of a tax. Similarly, requiring that producers use more recycled materials in production (i.e., RCS)
increases the demand for recycled materials, which may drive up the price for recycled materials and raise
the supply of recycling—just as would a price incentive such as a recycling subsidy.

3.3.5 Belt and Suspenders Approaches

In light of these pros and cons, policymakers could consider a combination of policies that
support each other (i.e., a “belt and suspenders” approach). If a deposit-return system generates additional
supplies of recycled material, without additional demand, then much of that additional recycled material
may find no market and get relegated to a landfill. However, the deposit-return system can be combined
with a recycled content standard that requires producers to use more recycled materials in production.
Then the extra demand may better match the extra supply (see Basuhi et al., 2024; Lifset et al., 2023).

3.3.6 Addressing Economies of Scale

This chapter discussed economies of scale for landfills and MRFs. Governments can adopt
policies to address this market failure and reduce total costs of recycling materials. This government
provision differs from a tax or regulation. For instance, a small municipality can subsidize or otherwise
encourage recycling in a way that generates enough total volume to build a MRF with reduced processing
costs per ton. If the environmental benefits of that additional recycling spill over to other towns or states,
then a higher level of government could improve statewide or nationwide economic and environmental
welfare by helping small towns build MRFs of sufficient scale to take advantage of the lower cost per ton
of processed material. County or state governments can help pay for a hub-and-spoke system in which
multiple rural towns build one MRF of sufficient size to achieve cost-effectiveness (see Chapter 2).

3.4 CONCLUSIONS FOR RECYCLING PROGRAMS AND POLICY CHOICES

Tremendous heterogeneity and variability across time, materials, and geography impact the cost
and benefits of recycling. The committee draws the following conclusion based on its assessment of these
factors.

Conclusion 3-1: Effective MSW recycling programs help meet waste management needs, save
resources, improve the environment, and benefit society. These economic, social, and
environmental benefits can outweigh the costs of well-designed recycling programs.

Different contexts and recycling programs require tailored policy solutions, based on variations in
materials, geographies, economies of scale, existing infrastructure and programs, demographics. and other

social considerations. While guiding policies from higher levels of government can be appropriate, it is
important to consider and tailor policies for recycling based on local factors.
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Conclusion 3-2: Because of the significant heterogeneity in local conditions, no one-size-fits-all
nationwide recycling policy can effectively fund and encourage recycling for all municipalities,
waste generators, dwelling types, or materials. Understanding community differences is
important when tailoring location-specific programs for consumers and recycling operations.

Regardless of the specific context, however, it is helpful to identify and articulate the objective(s)
that effective recycling policy is designed to achieve.

Conclusion 3-3: Effective recycling policy would target some or many of the following objectives:
1. Enhance end markets for recyclable materials

2. Provide stable financing of recycling systems

3. Clarify information for consumers, including what is recyclable, how to recycle, and which
products best support recycling goals

Track and evaluate recycling activities through improved data collection and distribution
Increase the cost-competitiveness of recycled materials (relative to virgin material inputs)
and of recycling (relative to landfilling)

Improve access to recycling collection and processing

Increase the cost effectiveness of recycling collection and processing

Decrease contamination of postconsumer recycling streams

Enhance social and environmental benefits associated with recycling

0. Maintain affordability, without undue burdens on low-income households

@A

=0 0 N
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4
Direct Costs and Financing of Recycling Programs

Summary of Key Messages

e Costs of recycling: Although local governments and private parties pay for most costs of recycling, they
experience only a small fraction of its global and regional benefits; thus, incentives are weak for these parties
to maintain or increase recycling.

® Volatility and market disruptions: Volatility in end markets for recyclables can undermine the economic
sustainability of recycling programs.

¢ Traditional financing approaches: Financing for residential recycling in the United States relies largely on
local governments, with little contribution from state or federal sources. When businesses recycle, they
typically pay for recycling services that are provided by private waste management companies.

e Extended producer responsibility (EPR): As an emerging financing model, EPR alleviates financial burden
on local governments by shifting residential recycling costs to producers and, indirectly, to households that
purchase their products. If properly designed through “eco-modulation,” these systems may provide
incentives to producers to reduce packaging volumes and increase recyclability of packaging and products.
Existing EPR laws vary greatly by state.

e Deposit-return systems (DRSs): DRSs encourage direct recycling by consumers and can lead to reduced
litter and high recycling rates of the products covered by the policy (e.g., beverage containers). However,
their effectiveness is limited to covered products. The adoption of new DRS policies may decrease revenues
of existing curbside programs and materials recovery facilities (MRFs), which could undermine the economic
viability of those programs and therefore the recycling of materials not covered by the DRS. This tradeoff
could be managed with alternative financing approaches for existing curbside recycling programs (e.g., via
EPR).

e Investments in MRFs: Investing in MRF technology is important for cost-effective recycling, as advanced
sorting and processing equipment reduces per-ton processing costs and increases the quality of recyclable
materials.

Local governments and private entities bear the primary financial burden of recycling in the
United States, yet they receive only a fraction of the broader environmental and economic benefits.
Spending on curbside and other recycling systems involves costs of collection, such as trucks, labor, and
fuel, and costs of processing, sometimes at capital-intensive materials recovery facilities (MRFs). This
spending often exceeds the revenue earned from selling recyclable commodities, straining municipal
budgets and discouraging program expansion. Emerging financing approaches, such as extended producer
responsibility (EPR), show promise in redistributing costs and stabilizing material quality. This chapter
examines the costs and financing sources for recycling programs nationwide, with particular emphasis on
curbside recycling as the dominant mode of collection (see Figure 2-1 in Chapter 2).

4.1 CURBSIDE RECYCLING PROGRAMS
Many different waste and recycling systems operate throughout the United States, which entail
multiple collection and processing stages. The most common recycling system for households is curbside

recycling. An estimated 53 percent of the U.S. population—about 176 million persons living in
approximately 69.8 million households—has curbside recycling services provided to their homes
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automatically as a part of the residential solid waste management systems in their communities (The
Recycling Partnership, 2020). Furthermore, most of these residents receive single-stream recyclables
collection service, meaning that they do not separate recyclable materials from each other but place them
in a commingled fashion in a single recycling collection container, which is wheeled or carried to the curb
by the resident on the collection day. In contrast, recycling systems for commercial establishments may
be single stream or have different collection for specific types of materials. In many rural communities,
households do not have curbside collection but may have access to recycling drop-off locations. The
discussion of local government costs in this chapter focuses on curbside recycling because it is the
dominant collection method and because limited cost data are available for other forms of collection.

Curbside recycling involves the provision of two services: (1) collection by municipal
governments or private companies and (2) processing of the collected recyclables by municipal
governments, solid waste authorities, and/or private companies. This chapter first distinguishes between
these collection and processing costs and then considers the revenues from recycled commodities that
may help offset the processing costs. Finally, these categories are combined to compare curbside
recycling costs with costs of disposing of these materials in other ways.

4.1.1 Curbside Recycling Collection Costs

Curbside collection costs include expenses for bins provided to households and the costs of
owning, operating, and maintaining trucks for collection. These costs (e.g., labor, fuel prices, equipment
purchases) vary by state and within states across the country. Rates are calculated based on the number of
households served per crew per day and/or tons collected per day by each crew. Communities with high
participation rates may achieve lower average costs per ton because of efficient truck and labor use. Labor
costs are lower in the South than in many urban areas of the Northeast and the West Coast, which are
often unionized. Capital costs associated with trucks and equipment yards make up a significant portion
of the cost of collecting waste and recyclables from households and businesses in the United States.
While most regions of the country have some cities with extensive recycling programs, recycling services
in rural areas may not be integrated into broader solid waste programs.

A full picture of these costs across the country is not available, but a few studies provide details
on these costs at specific locations. In North Carolina, a long-term survey provides detailed data on
recycling and refuse collection expenditures for a set of municipalities (UNC School of Government,
2024). Most of the communities studied provide single-stream recycling collection services to single-
family residents on a biweekly basis. In 20222023, the total cost associated with these services—
including the capital costs of the collection vehicles and containers—averaged $45 per household per
year. The North Carolina data also provide the opportunity to calculate costs per ton of recyclables
collected (and not just per household). These data show an average collection cost of $275 per ton in
2022-2023 (UNC School of Government, 2024). Reflecting economies of scale, communities with higher
recycling set-out rates had lower average costs per ton. For Florida, Anshassi and Townsend (2024)
provide similar figures. Across the six counties they studied in 2021, collection costs for curbside
recycled averaged $49 per household, similar to the North Carolina values. The Florida costs ranged from
$23 per household to $81 per household (Anshassi and Townsend, 2024).

Additionally, Anshassi and Townsend (2023) used Florida data to estimate the average costs for a
typical U.S. residential household cost for separate recyclables collection. They found an average cost of
$45 per household per year. Among the factors they considered are the number of households at one stop,
participation rate, collection frequency, number of working days per week, and working hours per day per
vehicle. The collection costs change as a function of mass and composition (for both garbage and
recyclables stream) as well as the frequency of the collection service (which is typically weekly or
biweekly). The primary factors that vary by region include the waste compaction density, recycling
participation rate, total masses collected and recycled, and number of households participating (Anshassi
and Townsend, 2023).
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4.1.2 Curbside Recycling Processing Costs

Recyclables collected at the curb from single-family residences are typically processed at MRFs.
Figure 4-1 shows recent trends of processing costs per ton on waste from MRFs in the Northeast region
(10 states).

Average Processing Cost Per Ton: Q22019-Q1 2024
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FIGURE 4-1 Processing costs for materials recovery facilities in the Northeast, 2019-2024.
NOTE: Data are as reported by facilities and underlying methodologies may vary.
SOURCE: NERC, 2024.

A review of commingled recycling costs completed for the Oregon Department of Environmental
Quality audited a small number of MRFs in Oregon using their actual 2022 fixed and operating costs
(Crowe LLP, 2024). These MRFs ranged from small, labor-intensive facilities to larger MRFs with
investments in some newer technologies, although none are as advanced as the newest MRFs being built
in the United States (see Box 2-5 in Chapter 2). The average cost of processing commingled recyclables
through the single-stream MRFs in Oregon in 2022 was $129/ton (Crowe LLP, 2024).

Processing prices can also vary in response to international policy changes. China and other
countries have increasingly imposed restrictions on the levels of contamination allowable in imported
recyclables (Resource Recycling, 2022). The private company WM estimated that these restrictions have
increased processing costs by about 15 percent—or about $13 per ton—across its 43 single-stream MRFs.
These increased costs cover labor needs and investments in sorting equipment to meet the new
contamination standards.

Investments in new technology have large initial costs that enable MRFs to process each
additional ton of recycling less expensively and more efficiently (see Chapter 3 for more on economies of
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scale). Over time, advancements in recycling technologies may increase sales of materials by raising the
quality of the sorted recyclables.

4.1.3 Curbside Recycling Revenues

The net costs of the curbside recycling programs depend not only on the direct costs of collection
and processing but also on the revenues received from the recyclable commodities at the end of
processing. These values fluctuate with the macroeconomic conditions, product demand, material quality,
transportation costs, and price of competing resources. Demand for recycled commodities reflects their
value to manufacturers who use them, so prices indicate some of the current value of the recycled
material. Other values, such as environmental improvements, are outside of the market and may not be
captured by prices. Chapter 5 presents more information on individual recycled commodity prices.

Figure 4-2 shows estimated revenues that MRFs in the Northeast received from selling processed
materials.! Comparing the revenues in Figure 4-2 with the processing costs in Figure 4-1 demonstrates
that revenue sometimes covers processing costs (e.g., in 2021 and 2022), but other times it does not.
Periods when end-market revenues did not cover costs include 2019, shortly after China’s National Sword
Policy was instituted (see Chapter 5), and much of 2023, which did not feature these trade disruptions.
MRFs may still make profits in years when the materials revenue is lower than their processing costs.
because of the processing fees paid to them by local governments and third-party collectors (Anshassi and

Townsend, 2024).
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NOTE: Data are as reported by facilities and underlying methodologies may vary.
SOURCE: NERC, 2024.

! Although these values are specific to this region and time period, they appear to be representative. Using the
average prices of recyclables reported by the U.S. Environmental Protection Agency for 2009-2018 (see Figure 5-6
in Chapter 5) and typical material shares reported by The Recycling Partnership (2004) yields a revenue estimate of
$167 per ton (not inflation-adjusted), within the range shown for the Northeast in Figure 4-2.
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4.1.4 Overall System Costs for Curbside Recycling

Ignoring external costs for now, the direct costs above include collection plus processing costs
minus revenue received from recycling. Putting these direct costs together provides an overall picture of
the net financial costs of curbside recycling. A review of rates in several states highlights the variability of
these overall costs across the country.

National Estimates

Anshassi and Townsend (2024) estimated government expenditures (net of commodity revenues)
on waste and recycling systems in regions across the United States (see Figure 4-3). They found that these
expenditures vary based on MRF processing fees, revenue-sharing structures with MRFs (described in the
figure by different contract letter types), and market conditions for recyclables. The lowest annual
household waste management expenditures were in 2011, during peak recycling markets, while the
highest expenditures occurred in 2020, during a market low. Expenditures ranged from $124 to $241 per
household per year in 2011, $166 to $267 in 2020, and $154 to $243 in 2021 (Anshassi and Townsend,
2024). Across all years and regions, the lowest expenditures were associated with Contract A, which
featured a high revenue share of nearly 97 percent and a processing fee of $85 per ton (see Figure 4-3).
The Northwest and Northeast regions had the lowest expenditures, while the Southeast region had the
highest. In these estimates, garbage and recyclables collection costs accounted for 53—78 percent of total
household waste management costs (excluding recyclables revenue), while landfill and waste-to-energy
disposal made up 19-34 percent, and MRF processing (once commodity revenue in subtracted) ranged
from less than 1 percent to 23 percent (Anshassi and Townsend, 2024).

2021 Household Waste Management Costs ($/HHyr.) 2020 Household Waste Management Costs ($/HHyr.) 2011 Household Waste Management Costs (5/HHyr.]
50 0 50 100 150 200 50 300 -50 1] S0 100 150 200 250 300 100 -50 o 50 100 150 200 250 300
HNorthwest ' ' ' ' ' ' ' ' ' ' ’ '
Contract A {high revenue share) s172 1 5179 L 5169
Contract B (high processing fee) 1 5180 - 5185 5179
Contract C [county-owned) 5178 2 5180 5178
Contract F (base market value) " 5183 ™ 5184 " 5184
Northeast
High revenue share 5154 . 5166 5144
High processing fee & 5169 - 5182 5162
County-owned 1 5164 = 5170 5160
Base market value 5172 5176 m 5171
Central
High revenue share 5161 - 5202 5124
High processing fee - 5204 — 5246 5178
County-owned ® 5193 L] 5181
Base market valse 5118 — 230 -— 5206
Southwest
High revenue share - 5154 - 5185 - 5134
High processing fee s 5183 E— 5200 - 5171
County-owned - 1 5182 - - 5196 - 5181
Base market value E—— 196 —204 m— 5189
South
High revenue share - 5167 = -5 = 5140
High processing fee ] - 5208 - — 5245 = 5185
County-owned L] W 5194 = - 5211 L] 5180
Base market value L — G217 L — 521 = m— 5211
Southeast
High revenue share = 15207 = -5230 — 4188
High processing fee — -4 — — 5267 — 5222
County-owned — m 5226 — 5237 — 5116
Base market value -_— — 5243 - _— 5751 - - 5241

Garbage Collection Recycling Collection ® WTE Disposal

Landsill isposal  ® MRF Processing ' Revenue
FIGURE 4-3 Estimated annual waste management costs for 2021, 2020, and 2011 by region.
NOTES: Costs for each region based on four types of contracts with MRFs: Contract A (referred to as high revenue
share), Contract B (high processing fee), Contract C (county-owned), and Contract F (base market value). HH =
household; MRF = materials recovery facility; WTE = waste-to-energy.
SOURCE: Anshassi and Townsend, 2024.
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California. The state of California recycles 20 percent of the volume of recyclables collected in
the entire United States. Regulations require separate diversion of waste, recycling, and organics, which
means that multiple trucks service each house each week. Recycling requirements and fees on waste
disposal increase the overall cost to the customers. With few exceptions, all costs are bundled into a
monthly garbage charge that includes recycling at no additional visible cost to customers.

The cost of waste and recycling in California is higher than in other areas of the country because
of this regulatory environment. These costs appear in fees for consumers. For example, in San Jose,
households are charged $53 per month, or $641 per year, for residential solid waste management and
recycling.” In San Mateo, this service costs $42 per month.’

Washington. Washington is one of only two states that regulate waste and recycling rates (West
Virginia is the other). While incorporated cities can contract with private companies for services or
provide municipal services, customer rates in unincorporated areas of the state are set by Washington’s
Utilities and Transportation Commission. The annual cost for all waste and recycling services in
Washington State ranges from $406 to $500/year across various urban and suburban areas of the state.
The recycling portion of these rates is highly scrutinized, and regulated rates range from $103 to $128 per
year per household.

Although, existing literature does not provide a systematic comparison of the costs of recycling
and disposal. Table 4-1 shows the per ton costs for disposal and for recycling in North Carolina (not per
household monthly costs as above). As reported in the table, collection accounted for most of the cost of
both recycling (73 percent) and disposal (80 percent) (EREF, 2024; NERC, 2024). In North Carolina in
2023, average costs per ton recycled exceed the cost of disposing of a ton, even when revenues from end
markets were high for the year. These cost differences do not indicate the savings from shifting materials
from recycling to disposal (or the costs of shifting them from disposal to recycling), because they do not
capture possible increasing or decreasing returns to scale for either activity. As with the per-household
costs, they only capture average costs of current levels of recycling and disposal.

These cost estimates are context and time dependent and do not apply to all curbside recycling
programs. In some areas of the United States, such as the Northeast, where landfill costs are high,
curbside recycling may have lower average costs than landfilling. In addition, as Figure 4-2 shows,
recycled commodity revenue is sometimes much higher than in 2023, which would make the net per-ton
cost of recycling more favorable. However, even when average costs (net of commodity revenues) are
lower per ton for recycling than for disposal, curbside recycling may not save towns money because of
the duplication involved in sending both a garbage and a recycling truck to households every week or
every other week.

TABLE 4-1 Costs of Curbside Recycling and Residential Refuse Collection in North Carolina, 2023

Average Cost ($/ton)

Curbside Recycling

Collection Costs $270

Processing Costs $100

Revenue from Sale -$70 to -$110
Net Recycling Costs $260-$300
Refuse

Collection Costs $160

Disposal Costs $40
All Refuse Costs Total $200

SOURCES: Data from North Carolina Benchmark Project 2.0 for collection and processing costs; NERC (2024) for
2023 revenues; EREF (2024) for disposal costs in North Carolina.

2 See https://www.sanjoseca.gov/your-government/departments-offices/environmental-services/recycling-
garbage/residents/garbage-recycling-rates-billing?utm_source=chatgpt.com.

3 See https://www.cityofsanmateo.org/DocumentCenter/View/89316/2022-Solid-Waste-Notice-of-Public-
Hearing?utm_source=chatgpt.com.
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The cost discussion thus far considers only the “on-budget” costs of recycling. Even single-
stream recycling requires input of household time and effort not included here, although it is a real
resource cost to consider in assessing these programs. Table 6-1 in Chapter 6 presents estimates that
suggest household time costs may be either on par with or several times higher than the local
government’s collection costs for recycling. Although households may also have time costs for setting out
waste, those costs are likely much lower. In addition, none of these costs are full social costs of recycling
or waste management because they recognize market costs from energy and materials use and do not
account for other external environmental impacts (see Chapter 7). Box 4-1 describes an effort to calculate
this broader definition of costs by the State of Oregon.

BOX 4-1
Case Study: Incorporating Social and Environmental Costs in Oregon

As the result of a long stakeholder process, Oregon adopted a 2050 Vision for Materials Management in 2012
(ODEQ, 2012), taking a unique approach to prioritizing material management in the state. As part of the State’s
extended producer responsibility program (EPR) implementation, the Oregon Department of Environmental
Quality (ODEQ) evaluated a range of materials, considering their commodity value and end markets, as well as
the cost of handling each material. Recyclables included on Oregon’s new Uniform Recycling List (required for
curbside recycling) were all subject to a review of direct (e.g., infrastructure, labor, fuel) and indirect costs. These
indirect costs include impacts from climate change; loss of ecosystem services; and illness, disability, and death
(and associated health care costs). Reducing the need for extraction and production, recycling—if done well—
creates “savings” of negative indirect costs, in the same way the commodity revenues create savings with negative
direct costs (ODEQ, 2023a).

Direct costs of disposal other than recycling ranged from $983 to $1030 per ton as indicated by the modeling,
while indirect social and environmental costs were $495-$595 per ton (ODEQ, 2023b). Recycling can perform
better than disposal criteria for the material to be added to the Uniform Recycling List and included in Oregon’s
new producer-funded recycling programs.

Once implemented, the state’s EPR program will pass along many of the financial costs of recycling to the
producers. In Oregon, the cost of processing and marketing, rural drop-off collection, contamination management,
education and outreach, and other one-time infrastructure costs are part of the EPR program covered by producers.

The discussion of recycling costs above concerns curbside programs, which are not universally
available to households. When households have access only to drop-off programs, the on-budget costs of
the programs are probably much lower, although estimates are not available. However, households’ time
and effort costs are much higher for drop-off programs than for curbside recycling, so the overall costs of
collection under these programs may be higher and participation lower.

Recycling costs fluctuate over time and vary over space for many reasons, including the cost of
infrastructure, labor, and fuel, and variations in housing density and transportation distances. In addition,
different municipalities offer different services and impose varying participation requirements, that also
generate heterogeneity in costs. The regulatory environment may also be an important source of variation
in costs, because some cities keep recycling costs low while burdening disposal with fees. Expanding
household participation in recycling can help reduce the costs per ton of material recycled and thus help
make recycling more competitive with landfilling.

While the data presented in this chapter thus far display recent, contemporary, and potential near-
term costs of recycling programs, it is important to note potential future changes (such as developments in
renewable energy seen in Box 4-2) that could have implications for direct costs of recycling and overall
waste management systems.
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BOX 4-2
Waste and Recycling Streams from Renewable Energy Technologies

Some installments of renewable energy technology have already reached the end of their useful life, which
comes with attendant waste that largely ends up in landfills. The projected scale of waste from solar and wind
energy entering landfills will be on the order of 10 million tons in the United States by 2050 (Cooperman et al.,
2021; Duran et al., 2021). This waste may have ancillary economic impacts on future municipal solid waste
management as it may affect the capacity and operating costs of landfills.

Solar panels contain materials (e.g., silver) that can be valuable but are present in relatively low
concentrations. Some of these components can be toxic and problematic in landfills but may also be problematic
for recycling. Life cycle assessments that can evaluate the environmental benefits of recycling versus landfilling
and accounting for several different factors and scenarios (Smith et al., 2024).

While some materials in wind turbines can be recovered relatively easily, the blades are made of composite
materials that are not currently easily recycled. They can be used as filler in concrete but are otherwise burned or
landfilled. In landfills, the turbine blades can cause other complications, as their size and rigidity make them
difficult to pack efficiently.

To increase the recovery of materials from renewable energy technology waste streams, more infrastructure is
needed for recycling; incentives or bans are needed to prevent landfilling; and, more broadly, proactive planning
is needed for end of life when developing a renewable energy installation (Duran et al., 2021).

4.2 TRADITIONAL FINANCING APPROACHES

Financing of the recycling system in the United States comes from both private and public
sources. Typically, local governments, households, and commercial establishments pay for recycling
collection and processing. MRFs and other recycling processors receive revenue from end markets for
recycled materials and from gate tipping fees (fee per ton paid for processing by governments and
collectors). This section discusses traditional financing approaches to cover the costs of recycling
collection and processing that exceed the money earned from end markets, which covers only a small
share of the total costs of recycling and processing.

4.2.1 Public Financing

Almost all government financing of residential recycling in the United States comes from local
governments (cities, towns, and counties), with at most small contributions from higher levels of
government. Some local governments use a “general fund” approach, where recycling does not have a
dedicated revenue source and is funded along with other categories of expenditure. Other municipalities
rely on an “enterprise fund” approach, whereby the municipality collects fees for recycling and garbage
collection, perhaps as an item on property tax bills or utility bills or as an explicit charge for businesses.
For residential recycling, the general fund approach is more common than the enterprise fund approach
(Sheahan, 2024). Governments may use general funds for residential collection but collect fees from
commercial establishments.

Local governments pay for recycling at all stages of the process. For recycling collection, they
may use their own employees or contract with a recycling collector. They pay gate tip fees for processing
the recyclables they collect and implicitly or explicitly pay these fees as part of their contract with a
recycling collector. In addition, when recycling drop-off programs are available, either in place of or as
supplement to curbside collection, they are likely to be funded by local governments. Recent data are
lacking, but in 1995, governments funded the programs in 77 percent of communities with drop-off
services (Walls et al., 2003). Finally, about 20 percent of MRFs were publicly owned in 2020, often by
county governments (The Recycling Partnership, 2020, 2024). These public MRFs often collect
processing fees from private collectors and other governments that use their services. However, the
governments that own them may use general funds to cover some costs.
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In the United States, state and the federal government provide little financial support for
recycling. For all solid waste management, average state spending in 2021, was $4 per capita compared
with $86 per capita for local government spending (U.S. Census Bureau, 2024). Figures for recycling
specifically are not available but are likely to have a similar breakdown. Recent years have seen some of
the first significant federal expenditures on recycling (see Box 4-3).

BOX 4-3
U.S. Environmental Protection Agency Grant Programs

In 2020, Congress appropriated to the U.S. Environmental Protection Agency (EPA) $350 million for fiscal
years 2022-2026 to improve waste management infrastructure and recycling (in the authorized Save Our Seas 2.0
Act of 2020 [Pub. L. 116-224] and the Infrastructure Investment and Jobs Act [i.e., Bipartisan Infrastructure Law,
Pub. L. 117-58]). These funds were administered in two grant programs and one program to improve safe
handling of used batteries (EPA, 2022):

e Solid Waste Infrastructure for Recycling (SWIFR) Grant Program ($275 million)
e Recycling Education and Outreach (REO) Grant Program ($75 million)
e Battery Collection Best Practices and Voluntary Battery Labeling Guidelines ($25 million)

The SWIFR grant program entails separate funding opportunities for states and territories; communities; and
tribes and intertribal consortia. These grants are intended to support implementation of the National Recycling
Strategy “to improve post-consumer materials management and infrastructure; support improvements to local
post-consumer materials management and recycling programs; and assist local waste management authorities in
making improvements to local waste management systems” (EPA, 2025b, para. 4). Awards to tribes and
intertribal consortia can improve municipal solid waste management, including recycling management, and have
mostly been used for materials recovery facility infrastructure (EPA, 2025a). Examples of infrastructure projects
funded through SWIFR include $4 million awarded to Baltimore, Maryland, for a solar-powered compost facility
and $3.3 million to Durham Country, North Carolina, for redesign of a drop-off station. States and territories
receive funding to develop or improve on data collection or plan management rather than for specific investments
or operational expenses.

The two other programs address social and behavioral considerations. The REO program focuses on
reduction of food waste; expansion of the market for compost; and education and outreach to households. The
program addressing collection of batteries primarily entails working sessions to develop best practices and
guidelines (EPA, 2024).

4.2.2 Private Financing

Commercial establishments and households may also pay privately to have their waste collected
and processed. This private funding for recycling collection falls into two categories: (1) With a
“franchise” provision, the municipality requires households or establishments to subscribe directly with
private firms that provide recycling services at rates and service characteristics that follow a contract with
the government. Household participation in these services may be mandatory or voluntary (subscription),
depending on city policy. (2) In other communities, some households may subscribe to private recycling
services independently, without a publicly negotiated contract. In 2015-2016, 19 percent of residences
with curbside collection had subscription-based services, which could include franchise or individually
contracted services (Sustainable Package Coalition, 2016).* Walls and colleagues (2005) found that
residential private collection arrangements become much less common as population density rises.

473 percent of residences had curbside collection and 14 percent overall had subscription services.
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Private collection arrangements are much more common for commercial establishments than for
residences. In 1995, 47 percent of communities relied on private recycling arrangements for commercial
establishments and another 6 percent had franchise arrangements (Walls et al., 2003). Commercial waste
makes up an estimated 55 percent of generated municipal solid waste (MSW) (EPA, 2013). Thus, private
payment for recycling as a service probably contributes well over one-third of revenue for collection and
processing of MSW recycling in the United States.

4.3 EVALUATING TRADITIONAL FINANCING FOR RECYCLING

The mix of financing for collection and processing of recycling (local government and private
expenditures by households and firms) emerged as an extension of traditional garbage collection rather
than as an active policy choice. Policymakers who seek improvements to the recycling system need to
consider the strengths and weaknesses of this financial approach. This section discusses four
considerations: incentives for recycling, cost control, risk management, and the distribution of financial
burdens.

4.3.1 Incentives for Recycling

The current system for financing recycling both aligns and misaligns incentives with the social
and environmental values of recycling. Incentives are aligned in that many of the benefits and costs of
recycling vary by geographic location (see Chapter 3). Thus, if a local government receives greater
benefits from recycling, it may be willing to bear higher financial costs. In contrast, financing recycling at
a more centralized level, such as through the alternative financing approaches discussed later in this
chapter, can reduce local control over this decision and reduce variability by community.

For example, a major benefit of recycling is avoiding the cost of disposal by landfill and
incineration. Communities across the country face vastly different costs for disposal. The Northeast
region had the highest waste disposal costs, with average tipping fees of $84 per ton in 2023, whereas the
regional average in the Southeast was only $42 per ton (EREF, 2024). Thus, a government in the
Northeast might be willing to spend twice as much on recycling (to avoid disposal costs) as would a
government in the Southeast. In addition, communities vary in the value they attach to recycling (see
Chapter 6); with locally organized and financed recycling, local governments can respond to the strength
of local demand for recycling service.

On the other hand, many other benefits of recycling fall outside the horizon of a local
government. These benefits include any gains from avoiding external costs, such as virgin material
mining and production and global and regional pollution (e.g., methane from landfilling and air emissions
of dioxins from incineration) (see Chapter 3). Local governments have limited direct interest in avoiding
external costs because their populations are a small share of those affected. Thus, reducing external costs
may not motivate local governments to offer recycling or to make it easy or extensive.

The concerns about alignment of incentives are even stronger for private financing of recycling.
A commercial establishment that is paying privately for waste collection has only the incentive to sign up
for recycling to reduce its own costs. Some public policy would be needed to give both local governments
and private parties incentives to consider broader environmental benefits of recycling. Alternative
financing approaches such as deposit-return systems, as discussed later in this chapter, can help fill in
some of these missing incentives.

4.3.2 Cost Control
The current financing system provides opportunities for control of recycling costs. Almost half of
local governments provide recycling collection services themselves, but 52 percent of local governments

in 2017 contracted with private firms to provide recycling collection (ICMA, 2019). Because they pay for
the recycling services either way, local governments have strong incentives to choose the lowest-cost
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options available for their circumstances. To meet local needs, they can make trade-offs regarding other
features of the contract on which the local government is well informed (e.g., reliability, frequency of
collection, materials collected). Private payers, such as households and commercial establishments, also
apply pressure to keep costs down.

4.3.3 Management of Risk

The volatility of market prices for recyclables presents challenges for all approaches to funding
recycling. MRF and other recycling processing facilities sell sorted recyclables for prices that vary
dramatically over time. As discussed above, sometimes the recovered material revenue may cover MRF
processing costs; at other times, it falls short.

Sometimes MRFs share this risk with municipalities. Contracts between municipalities and MRFs
include provisions for sharing of revenues from the sorted materials (The Recycling Partnership, 2020). A
revenue-sharing component is typically combined with base processing fees or may enter the contract
through a processing fee with a sliding scale that depends on prices (Anshassi and Townsend, 2024).
Local governments typically enter into contracts of 3, 5, 7, or even 10 years with MRF owners to process
and market recyclables. These contracts vary in scope and requirements but generally specify
contamination rate limits, cost allocation for rejected loads, processing fees paid by the government, and
share of revenue from recyclables paid to local governments after processing fees are paid. In Florida, for
example, the current trend is toward higher processing fees paid by local governments and lower revenue
shares to local governments (Anshassi and Townsend, 2024). Historically, MRFs charged about $50-$60
per ton to local governments, although sometimes no fee was assessed. Now, fees can reach up to $210
per ton, with an average of $107 per ton for Florida communities (Anshassi and Townsend, 2024).

Key parameters in these contracts include contamination levels and market values of materials
(Anshassi and Townsend, 2024). Some contracts include minimum values for per-ton market revenue; if
revenue from end markets falls below the minimum, the local government may make supplemental
payments to the MRF. Lower fees are typically found when the materials are processed by a municipally
owned MREF instead of a privately owned facility. In Florida, for example, MRF contracts rarely use a
fixed processing fee; instead, fees (and sometimes revenue shares) are adjusted based on the fluctuating
value of materials (Anshassi and Townsend, 2024). Outside of Florida, new MRF contracts sometimes
have a flat tipping fee (that includes profit and annual escalators) that ensures that MRFs cover their cost
and/or turn a profit. Then, in a separate agreement, the MRF might share with the municipality a portion
of the end-market revenue from sale of materials (“revenue-sharing”).

When a municipality agrees to greater revenue-sharing, it accepts more of the price risk and thus
may reduce average overall costs (fees less revenues). Large municipalities may be able to manage these
risks by dipping into contingency funds or by reordering immediate spending. They may also have good
access to credit because of favorable tax treatment of municipal bonds, which eases the difficulty of
covering short-term shortfalls. When states allow municipalities to engage in short-term borrowing,
residents are less likely to have to pay privately for recycling (Walls et al., 2005). However, even large
governments may sacrifice other priorities when recycling markets are unfavorable, and smaller
municipalities have even more trouble managing this variability without cuts to services. Thus, imposing
these risks on cities and towns may be a substantial disadvantage of the U.S. traditional system for
funding recycling.

These risks probably raise the prices paid by customers for private recycling services and may
reduce reliability. Residential subscription services pricing does not depend on commodity revenue, so
private parties that collect and process the recyclables must bear the risk of commodity price movement.
They likely charge higher prices on average to compensate for the risks, raising costs for households
relative to a situation in which the government accepts some of the risk. Private companies offering
subscription services may also be vulnerable to closure when markets are unfavorable and may be
difficult to restart once closed.
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4.3.4 Distribution of Financial Burdens

Funding approaches share the costs of recycling in different ways. In particular, public financing
can reduce costs for vulnerable households. When a government uses general funds for recycling, it can
take advantage of revenue sources such as property taxes that impose more burden on higher-income
households. Alternatively, with subscription services or an enterprise fund, every household typically
pays the same amount for the service, so low-income households pay a larger share of their income for
recycling than higher-income households. Public payment for services may thus be more equitable than
private funding.

However, reliance on local government financing limits the ability of the system to distribute
costs across regions, because local governments can only seek revenue within their boundaries. Recycling
programs may be especially expensive in rural areas, because of transportation costs and lack of access to
end markets. Local governments in rural areas may also have few high-income households or large firms
to tax. This combination of high costs and limited revenue opportunities may make financial burdens of
recycling much higher in these areas. Relying more on state or national funding or on alternative models
(e.g., extended producer responsibility, deposit-return systems) might help alleviate some of these
disparities.

4.4 ALTERNATIVE FINANCING: RECYCLING PROGRAMS

In the early 1990s, European policymakers actively explored strategies for promoting
environmentally responsible product design. These initiatives sought to reduce packaging, simplify
recycling, and minimize waste directed to landfills. A central concept emerging from this period was
extended producer responsibility (EPR), introduced by Thomas Lindhqvist (1990) in reports to the
Swedish government. EPR asserts that producers should be accountable for the entire life cycle of their
products and packaging. The approach aims to incorporate environmental costs into product pricing and
shift the responsibility for end-of-life product management from municipalities to producers and
consumers. EPR principle underpins Germany’s “Green Dot” program, launched in 1991, as well as the
European Union’s 1994 Packaging Directive. The principle gained further recognition in a 2001 report by
the Organization for Economic Co-operation and Development 2001), which described it as a policy
framework that assigns end-of-life responsibility to producers. This approach is intended to encourage
manufacturers to consider environmental impacts during the design phase (p. 9).

The concept of EPR is most directly embodied in individual—or “take-back”—policies, where
manufacturers are required to reclaim product packaging, and eventually the product itself, once it has
reached the end of its useful life. By imposing responsibility for disposal on the producer, these policies
incentivize firms to design products and packaging with recycling and disposal costs in mind. Fullerton
and Wu’s (1998) economic model captures these incentives by demonstrating how market equilibrium—
achieved when firms’ production choices align with consumers’ purchasing and disposal decisions—can
drive optimal product design, output, and packaging choices, accounting for external disposal costs.

The model suggests three policies that can achieve socially optimal outcomes:

e The traditional economic solution places a tax per unit of consumer disposal at a rate equal to
the marginal external damage (MED). If consumers have to pay both the private marginal
cost (PMC) of disposal and the MED, they will choose to buy products with the optimal
designs (less packaging and easier recycling).

e A general deposit-return system applies to bottles and lead-acid batteries, which are the most
commonly collected materials in these systems. Instead it would collect a tax or deposit upon
sale of every product, at a rate equal to the social marginal cost (SMC) of landfill disposal,
and it would provide a refund upon proper recycling. To avoid paying a higher deposit,
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consumers would want goods with less packaging; to receive more refund, they would want
to buy products that can be recycled more easily.

e An EPR policy requires the individual firm to take back the packaging and product and pay
the full social marginal cost of disposal (equal to the PMC plus MED). This policy leaves the
consumer with no direct disposal costs, but they must pay a higher equilibrium break-even
price for the product, because firms must cover all production costs and disposal costs.

The outcomes are equivalent: either the consumers must pay social costs of disposal, and so they
demand products with less packaging and with product designs that minimize disposal costs (see Chapter
6), or the firms must pay social costs of disposal and thus design products to require less packaging and
easier recycling. Thus, a “perfect” individual EPR policy would achieve the socially optimal decisions
about product designs, packaging, and consumer recycling decisions.

From the very beginning of EPR rules in the 1990s, however, European countries quickly realized
that the perfect individual EPR policy would not be practical. It would require each firm to collect its own
packaging and keep track of each product for years until the final consumer is done with it. Having many
individual firms collect their waste in disparate locations is unnecessarily expensive relative to having one
hauler collect waste at every house along each street. To address these collective EPR policies take
advantage of these economies of scale in collection by having a “producer responsibility organization”
(PRO) can collect all packaging and used products for disposal and then charge each firm for the weight
of its waste collected.

A collective EPR policy, however, is very different from the ideal individual EPR. The collective
EPR forces each producer to raise their sales price to cover the cost of disposal, so it effectively becomes
a different policy called an “advance disposal fee,” a charge for the purchase of a product that will
ultimately require recycling or disposal. But it does not encourage the firm to increase recyclability, nor
the consumer to recycle. The fee collects significant revenue, which replaces local government financing
of recycling collection.

Thus, a collective EPR suffers from two significant problems not found in the “perfect”
individual EPR policy. First, private firms pay the PRO’s marginal costs of collection but not the external
damages from waste disposal. Thus, incentives do not necessarily align the full costs of recycling with its
benefits. For example, the extent of recycling is not sensitive to whether full direct and indirect (external)
local disposal costs are high (i.e., where recycling is beneficial). Second, private firms pay the cost of
collecting their own total waste (i.e., average cost per ton), but this payment is based only on weight and
not on recyclability. The firm therefore has some incentive to reduce the total weight but not to design for
recyclability. In only rare cases does the PRO’s fee vary based on the recyclability of the materials it
collects (i.e., “eco-modulation).

The economic impact of EPR varies depending on the scope of the law. For example, Canada’s
first packaging EPR policy was implemented in the province of Ontario and was established as a “shared
responsibility” law, where producers and municipalities share the cost of recycling programs. However,
the law resulted in financing disputes and lawsuits, with the system ultimately transitioning to a
packaging EPR policy in 2019 with full responsibility on producers (with full implementation by 2025).

EPR policies may have both advantages and disadvantages in the way they redistribute the burden
of paying for recycling. On the one hand, the need to pay producer responsibility organization fees will
likely raise certain product prices, although prices may not rise by the full amount of PRO fees. These
price increase pass along the costs of recycling to consumers and perhaps discourage consumption of
these goods (source reduction of MSW that might be desirable). On the other hand, low-income
households spend a larger share of their income on goods and thus may end up shouldering more of the
burdens of recycling than they would if recycling were financed by local property tax, which can be
designed to fall more on higher income households. Thus, the fact that an EPR follows a “polluter pays”
principle does not necessarily make it fairer, because lower-income households may end up more
burdened than they did under local government finance.
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4.4.1 EPR Policies Outside the United States

Since the 1991 German “Green Dot” program, use of EPR policies has extended throughout the
globe. EPR as a policy lever has grown, from voluntary programs and lightly enforced laws in Southeast
Asian countries, to shared responsibility programs in the Canadian provinces of Manitoba and
Saskatchewan, and to far-reaching producer responsibility programs in British Columbia and Quebec.

Empirical research supports the concern that collective EPR policies do not create the desired
effect on product design. Joltreau (2022) studied the effects of European EPR policies, using data on the
annual cost to comply with EPR from the organization PRO Europe (Packaging Recovery Organisation
Europe) for 25 European countries and four packaging materials over 18 years (1998-2015). EPR rules
vary in their stringency about the percentage of each firm’s total cost that must be paid and what materials
can be recycled. Joltreau (2022) argues that compliance cost is an effective overall measure of stringency
and scope and observes the causal effects of EPR stringency on the amount of packaging and on
substitution between packaging materials. Joltreau (2022) found that European EPR rules have a
statistically significant but very small effect on the weight of packaging and no effect on substitution
toward a type of material that could more easily be recycled.

What can be done to reestablish the original goal of using EPR policies to create incentives for
recyclability? A recent innovation of EPR legislation in the European Union and North America is the
development of “eco-modulation” of fees on producers. Eco-modulated fees vary by product
characteristics, and they reward firms that design products to be more recyclable or to be more
environmentally friendly. Lifset and colleagues (2023) discuss ideas for restoring the incentives for eco-
design by using eco-modulation within EPR systems; they considered choices around products to be
included in the fee structure, objectives to be pursued, criteria to be employed, differentiation within the
structure of fees, and the amount of each fee to be charged. These choices all depend on the goal of the
EPR system, such as (1) to achieve selected policy targets for eco-design, for recycling, or for all product-
life management, including product durability and the ability to repair or to reuse it; (2) to account for the
presence and toxicity of hazardous substances; (3) to charge for external costs of disposal and thus
achieve socially optimal disposal; or, more comprehensively, (4) to cover external costs of production
(Lifset et al., 2023).

Ultimately, Lifset and colleagues (2023) propose a fee structure based on each product’s impact
on the environment as measured through a life cycle assessment. They also recommended requiring better
data from PROs about product characteristics and better use of those data for ex post policy evaluation.
However, even eco-modulated charges do not vary with all the dimensions of heterogeneity in cost of
recycling by location and over time, so they fall short of the ideal of imposing a tax that reflects the
external costs of disposal for specific material types—a tax that would provide incentives for consumers
to demand products with optimal durability, eco-design for reusability, and recyclability.

4.4.2 EPR for Packaging in the United States

For over 2 decades, many states have used EPR policies to fund and manage “hard to handle”
materials. According to the Product Stewardship Institute (2025), 33 states and the District of Columbia
have enacted 141 laws across 20 product categories. These policies have mostly addressed electronics,
mercury thermostats, batteries, pharmaceuticals, paint, fluorescent lighting, and mattresses. What is more,
the U.S. Environmental Protection Agency (2024) has published guidance on EPR policies for preventing
plastic pollution (see Box 4-4).
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BOX 4-4
EPA National Strategy to Prevent Plastic Pollution: EPR Framework

In November 2024, the U.S. Environmental Protection Agency (EPA) (2024) finalized its National Strategy
to Prevent Plastic Pollution, a comprehensive plan aimed at eliminating plastic waste from the environment by
2040. A cornerstone of the strategy is the proposed development of a national extended producer responsibility
(EPR) framework, which would assign greater accountability for managing plastic waste to producers and
manufacturers rather than municipalities. This policy aligns with international practices that require producers to
take responsibility for the end-of-life management of their products, fostering a more circular economy. The
strategy is organized around six objectives: reducing pollution from plastic production, encouraging innovation in
sustainable material design, minimizing waste generation, enhancing waste management systems, improving
plastic capture and removal, and reducing impacts on waterways and oceans (EPA, 2024).

The EPR framework is currently in its conceptual stage, with significant stakeholder engagement and policy
development needed to translate it into a functional national program. Existing EPR programs in states such as
Oregon, Maine, and California provide valuable insights and precedents, but aligning these diverse approaches
into a cohesive federal framework remains a challenge. A national EPR system could standardize recycling and
reuse targets, streamline efforts, and reduce inefficiencies. However, concerns have been raised regarding the
potential economic impacts of implementing such a framework. These include increased operational costs for
producers and the possibility of manufacturing activities relocating overseas. Successfully addressing these
challenges may require collaboration among producers, policymakers, and environmental organizations to design
a system that balances economic viability with the overarching goals of reducing plastic waste, improving
resource efficiency, and advancing sustainability.

SOURCE: EPA, 2024.

Responsibility for waste and recycling management is decentralized in the United States, with
authority delegated to individual states. This structure complicates efforts to implement federal recycling
legislation, resulting in a patchwork of state and local recycling policies. Maine led the United States in
passing a packaging EPR policy in 2021, followed by Oregon in 2021, Colorado and California in 2022,
and Minnesota in 2024. Each has different financing and regulatory requirements (see Box 4-5). These
states have used the policy as an opportunity to address other related packaging and recycling goals, as
the new laws included regulatory requirements that are not part of the EPR policies themselves. In each of
these five states, the enacted EPR legislation for packaging reflects the varying recycling gaps and
perceived needs for that state. California and Oregon’s bills were born of frustration about the growing
use of plastic packaging and its low recycling rates, while Colorado’s legislation (see Box 4-6) was driven
by the high cost of recycling and low recycling rate. The need for economic support is also clear in the
structure of Maine’s law, while Minnesota is looking for future increases in its recycling program
investments.

U.S. producers have lobbied for shared responsibility programs in several states. The result is a
partial funding system in Oregon’ and a phased-in fee approach in Minnesota.® Colorado’s program’ is a
full producer responsibility program, where producers cover 100 percent of the costs and have broad
program oversight. Full funding requirements come with the expectation of control by the producers,
which is contentious in the United States because of existing public and privately funded systems.

EPR policies often have a basic fee structure, with specific discounts or penalties for products with
specific characteristics. Eco-modulated fees have been built into programs in France and Canada, as well
as some state programs in the United States. For example, California requires that producer responsibility

5 Oregon State Legislature. Senate Bill 582: Plastic Pollution and Recycling Modernization Act. 2021 Regular
Session. https://olis.oregonlegislature.gov/1iz/202 1R 1/Measures/Overview/SB582.

® Minnesota Statutes §§ 115A.144-115A.1463 (2024).

" Colorado General Assembly. House Bill 22-1355: Producer Responsibility Program for Recycling. 2022.
https://leg.colorado.gov/bills/hb22-1355.
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organizations differentiate fees to reflect the presence of recycled content (CalRecycle, 2021). The State
of Oregon has one of the more advanced eco-modulation systems, as described in Box 4-7.

BOX 4-5
Case Studies: State-Level Packaging and Postconsumer Recycled Content Legislation

Several states address packaging waste using extended producer responsibility (EPR) and postconsumer
recycled content policies. These policies can improve recycling systems, reduce environmental impacts, and
advance sustainable materials management through regulatory and market-driven mechanisms.

Maine (LD 1541)

In 2021, Maine became the first state to enact an extended producer responsibility (EPR) law for packaging. The
legislation requires producers to fund recycling programs through producer responsibility organizations (PROs),
which oversee the collection and recycling of packaging materials. This law primarily focuses on financing
recycling systems, transferring cost burdens from municipalities to producers.

Oregon (Senate Bill 582)

Oregon’s EPR law establishes a comprehensive framework for managing single-stream recyclables. It includes
eco-modulated producer fees, life cycle assessment requirements, and recycling capture rate targets. The state’s
Department of Environmental Quality plays an integral regulatory role, particularly in addressing greenhouse gas
impacts of recycling. Implementation is scheduled for 2025, excluding curbside collection costs already covered
in urban and suburban areas.

Colorado (HB 1355)

Colorado’s EPR law, passed in 2022, is one of the most comprehensive in the United States, requiring producers
to cover all recycling system costs, including collection, processing, and market risk. The legislation mandates
postconsumer content standards and provides funding for both traditional and compostable packaging
management. The program will be operational by 2029, with a PRO responsible for implementation and
performance monitoring.

California (SB 54)

California’s SB 54 requires substantial packaging reductions and recycling improvements, including a 25 percent
reduction in single-use plastics and a 65 percent recycling rate by 2032. Noncompliant packaging will be
prohibited from sale in the state. The law also includes robust enforcement mechanisms, annual payments to
environmental programs, and detailed reporting requirements for producers.

Minnesota (HF 3911)

Minnesota’s EPR law incorporates a shared responsibility model, where producers reimburse municipalities for
recycling costs, gradually increasing their financial contributions to 90 percent by 2031. Municipalities retaining
operational control will receive funding to offset program expenses, while a PRO oversees operations in areas
without municipal programs.

With the exception of Maine’s law, which serves primarily as a funding mechanism for recycling,
the legislation includes specific requirements for producers to use postconsumer content in packaging, to
achieve recyclability requirements, and to reduce waste. These requirements are all in addition to the
producers’ financial obligations to fund varying aspects of the state’s recycling programs. Since producers
must achieve the specified regulatory goals in order to sell their products in each state, the linkage
between the financing requirements and the additional regulatory requirements creates an enhanced
element of pressure on producers.
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BOX 4-6
Case Study: Colorado’s Extended Producer Responsibility Policy

The State of Colorado is in the process of implementing an extended producer responsibility law requiring the
producers to cover all of the costs of the State’s residential recycling programs, as well as recycling programs for
small and hospitality commercial business, and government entities.

As part of that process, the producer responsibility organization for the state, Circular Action Alliance,
conducted a needs assessment of services available—and gaps that remain to evaluate the revenue it will need to
charge to producers to achieve the requirements of the statute (see Table 4-2).

TABLE 4-2 Colorado Needs Assessment — Estimated Recycling Outcomes per Scenario

2022 (Baseline) | 2030 2035
22% - 28% | 35%-41% 48% - 54%
Low
‘ 38% - 44%
Medium v
& ( 53( )
Recycling Rate (%) 22% - 28% | 39% - 45% 54% - 60%
High {

Recycling Tonnage (k =

SOURCE: Adapted from tables provided by CAA, 2024.

The state approved the medium scenario, requiring significant investments in infrastructure throughout the
state, resulting in the estimated costs shown in Table 4-3, ranging from the baseline costs (2022) to the cost of the

program when it is fully implemented in 2035.

TABLE 4-3 Colorado Needs Assessment — Estimated Costs per Scenario

| e | 2% || 2| e
Lower Upper

Total Annualized Cost ($ millions) 80 140 130 210 160 260

Low Cost Per Household ($) 60 90 60 100 70 120
Cost Per Household (3$) 260 430 270 440 240 380

Total Annualized Cost ($ millions) 80 140 160 260 190 310

Medium | Cost Per Household (%) 60 90 70 120 90 140
. Cost Per Ton Recycled ($) 260 430 300 490 270 430

‘ Total Annualized Cost ($ millions) ' 80 . 140 160 260 ' 210 340

High Cost Per Household ($) 60 90 70 120 100 150
Cost Per Ton Recycled ($) 260 430 300 480 280 450

SOURCE: Adapted from tables provided by CAA, 2024.

The medium cost is estimated to be $90/household/per year in 2022, growing to $140/household/year in 2035
when the program is fully implemented and all residents in the state will be able to recycle a long list of materials.
The projected future costs in Colorado track more closely to the costs in Washington and California, since they
reflect higher levels of service and greater participation (more trucks on the street and more material to manage as
recyclable).

SOURCE: CAA, 2024.
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BOX 4-7
Case Study: Oregon’s EPR Policy

The State of Oregon’s extended producer responsibility (EPR) policy mandates that producer responsibility
organizations (PROs) adjust fees to provide incentives for actions that reduce the environmental and human health
impacts of covered products (e.g., changes in the design, production, and distribution of products (ORS
459A.884[4]). The PRO must propose criteria for adjusting fees and for the magnitude of the adjustments. The
Oregon Department of Environmental Quality (ODEQ) plays an important role in developing the fees by
providing formulas for the PRO to use in evaluating fee-setting for eco-modulation.

Impacts of concern related to packaging include climate change, toxicity, and microplastic pollution. These
factors contribute to two of six “planetary boundaries” for climate and novel entities (i.e., toxic and long-lived
substances released to the environment).

In 2024, ODEQ (n.d.) recommended that PROs develop eco-modulation formulas that:

i. Incorporate ODEQ’s rules for life cycle evaluation. The approach should verifiably deliver environmental
benefits based on the normalized and weighted results calculated following ODEQ’s rules of life cycle
evaluation.

ii. Grant at least as many malus fees (penalties) as bonus fees, rather than emphasizing bonuses over
maluses, to communicate adequate urgency for system change.
iii. Increase the magnitude of fee adjustments over time to maximize their effect.

The Circular Action Alliance (CAA) is a 501(c)(3) nonprofit entity governed by a board of
directors initially comprised of leaders from 20 corporations. The organization has established a national
“umbrella” organization to respond to state EPR laws in the U.S. CAA works with producers that pay fees
based on the specific requirements of each state’s EPR program. CAA then establishes state-specific
nonprofit organizations to manage the individual state EPR programs.

In the European Union, recycling packaging requirements are separate laws as part of the EU
Waste Directive and are not built into the EPR funding laws. Conversely, U.S. state packaging
requirements are built into the EPR policies, so they raise the stakes for packaging performance tied
directly to providing the service in each state. In the United States, PROs manage compliance with state-
specific EPR laws, coordinating services such as the collection, processing, and recycling of packaging
materials, often in collaboration with municipalities or private service providers. EPR is being layered
onto existing waste management and recycling programs in the United States (rather than creating new
programs as in other countries). Thus, some companies within the U.S. recycling industry view EPR as a
significant risk to their business investments. To mitigate this concern, legislative negotiations in states
with EPR policies have included requirements to prioritize the use of existing recycling facilities and to
allow cities to continue to provide their own service or to contract with private service providers.
Additionally, needs assessments can help states create effective EPR policies (Box 4-8).

While some producers view EPR as a regulatory burden, others see it as an opportunity to gain
greater control over packaging standards and materials, aligning compliance efforts with their
sustainability goals. To achieve high recycling rates, producers need households to recycle more, resulting
in more recyclable feedstock.

4.4.3 Deposit-Return Systems
In a deposit-return (or deposit-refund) systems (DRSs), consumers pay a small amount when
buying a product—often beverages in single-use cans and bottles. This amount is reimbursed to them

when they bring the empty beverage container to a collection point with a vending machine or manual
handheld scanning readers.
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BOX 4-8
Case Studies: State-Specific Needs Assessment Laws

Several states have enacted laws to evaluate existing recycling systems and identify gaps in infrastructure,
capacity, and costs. These needs assessment laws are foundational steps toward the development of comprehensive
recycling and EPR programs, offering insights to guide future legislative and programmatic actions.

Ilinois (Public Act 103-0383): This law directs the state to conduct a comprehensive statewide recycling
needs assessment to identify service gaps, evaluate current infrastructure capacity, and analyze costs
associated with packaging and paper recycling.

Maryland (SB 222): Maryland’s legislation requires an assessment of both traditional recycling and organics
processing capacity. The findings will inform the establishment of a producer responsibility program for
packaging materials, with recommendations developed by a designated advisory council.

A DRS replaces the local government as the party responsible for funding and managing the
recycling of the items it covers. The collection or redemption center manages their collection and is
usually funded from the DRS. This system can encourage consumers to recycle containers rather than
dispose of them in the regular waste stream, and it penalizes the person who buys the container if they do
not recycle it. As discussed in Box 3-3 in Chapter 3, an idealized version of a DRS could fully internalize
the external costs of waste disposal without creating incentives for illegal disposal (Fullerton and
Kinnaman, 1995). Moreover, a DRS can be generalized to apply not just to containers or batteries, but to
help reduce pollution from any kind of material (Fullerton and Wolverton, 2000).

In the United States, ten states have deposit-return policies requiring fees on the sale of beverage
containers. The process typically involves a network of collection points where consumers can return
their containers; these may be located in supermarkets, recycling centers, or stand-alone automated
machines. Once the containers are returned, they are sorted, cleaned, and prepared for recycling. This
system is also commonly used for hazardous household wastes, because it can promote recycling and
remove these materials from the ordinary solid waste stream. For example, DRSs in U.S. states and
several other countries include collections for lead-acid batteries, motor oil, and tires (Sigman 2020).

NCSL (2020) also summarized DRS legislation in these ten states (see Table 4-4).® Notably, not
much meaningful policy variation has occurred in the last 15 years. Exceptions include Oregon, which
added products to the program as recently as 2018, and California, which expanded its DRS in 2024. See
Box 4-9 for a case study on California’s DRS.

4.4.4 Benefits of Deposit-Return Systems

A unique feature of DRSs is that they provide incentives directly to consumer and commercial
establishments to return their containers for recycling. Not surprisingly, recycling rates of these containers
are much higher with a DRS than without one. For example, states that implemented a DRS for
polyethylene terephthalate (PET) bottles saw a 56 percent recycling rate, compared with 18 percent in
states with no such system (Container Recycling Institute, 2024). Globally, recycling rates exhibit a
strong positive association with the deposit fee and refund amounts, (see Figure 4-4).

To determine the causal effect of DRSs and to address place-based selection bias, Viscusi and
colleagues (2012) conducted a difference-in-difference analysis, comparing the change over time in two
states that extended their DRS to include plastic bottles with changes in states that did not. After the
extension, the number of households that recycled increased by a statistically significant 8.5 percent.
Likewise, Ashenmiller (2009) assessed the material brought in for rebates to California recycling centers

8 See https://www.ncsl.org/environment-and-natural-resources/state-beverage-container-deposit-laws.
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and concluded that 36-51 percent of the material would not otherwise have been collected. In 2017,
Oregon increased its deposit from 5 cents to10 cents, because of a provision that increases the deposit
when the recycling rate falls below a certain threshold, and saw an immediate increase in the recycling
rate of the bottles covered in its program from 64 percent to 81 percent. Their recycling rate for covered
bottles is estimated at 90.5 percent for 2023, according to the Oregon Beverage Recycling Cooperative

(2023).

DRSs may have other benefits as well. First, given the high degree of sorting involved in
returning beverage containers to recycling systems, a DRS can provide a cleaner recycling supply stream
with less contamination relative to material collected at the curbside. This source-separated waste has
higher value for end uses and is less likely to be diverted to landfill.

TABLE 4-4 Deposit-Return Programs in the United States

Summary
State Statute Year Deposit Amount |Summary Beverages Covered
California Cal. Public Resources Code 1986 5¢ (<24 oz.) Beer, malt, wine, and distilled spirit
§§14501-14599 10¢ (=24 oz.) coolers; all non-alcoholic
beverages, except milk
Connecticut Conn. Gen. Stat. §§22a-243— 1978 5¢ Beer, malt, carbonated soft drinks
22a-246 (including mineral and soda water
and any type of other flavored
water), bottled water (bottled water
covered starting in 2009)
Hawaii Hawaii Rev. Stat. §§342G-101— {2002 5¢ Beer, malt, mixed spirits and wine;
342G-122 all non-alcoholic drinks
Towa Iowa Code §455C.1-455C.17 1978 5¢ Beer, wine coolers, wine, liquor,
carbonated soft drinks, mineral
water
Maine Me. Rev. Stat. Ann. tit. 38, 1976 15¢ (wine/liquor) |All beverages
§§3101-3118 5¢ (all others)
Massachusetts |Mass. Gen. Laws Ann. ch. 94, 1981 5¢ Beer, malt, carbonated soft drinks,
§§321-327 mineral water
Michigan Mich. Comp. Laws §§445.571— [1976 10¢ Beer, wine coolers, canned
445,576 cocktails, soft drinks, carbonated
and mineral water
New York N.Y. Environmental 1982 5¢ Beer, malt, wine coolers, carbonated
Conservation Law §§27-1001— soft drinks, soda water, and water
27-1019 (Amended 2013 SB not containing sugar
2608)
Oregon Or. Rev. Stat. §§459A.700— 1971 10¢ Beer, malt, carbonated soft drinks,
459A.740 2¢ (standard bottled water (will cover all
refillable) beverages except wine, distilled
liquor, milk, milk substitutes and
infant formula by 2018)
Vermont Vt. Stat. Ann. tit. 10, §§1521— 1972 15¢ (liquor) Beer, malt, mixed wine, liquor,
1529 5¢ (all others) carbonated soft drinks
Guam Guam Code tit. 10, §§44101— 2010 5¢ Beer, ale, malt, mixed spirits, mixed
44119 wine, and all non-alcoholic
beverages

SOURCE: NCSL, 2020.
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FIGURE 4-4 Comparison of redemption rates for deposit-return systems by deposit level.
NOTE: PPP = purchasing power parity.
SOURCE: Basuhi et al., 2024. CC-BY-NC-ND.

Second, the initial justification for using these systems for beverage containers included litter
reduction; empirical research finds that they have been successful in this area. Levitt and Leventhal
(1986) observed that New York’s bottle bill reduced litter near highway exits and railways by a
statistically significant 44 percent. And, using data from the United States and Australia, Schlyer and
colleagues (2018) found that containers constitute a 40 percent lower share of coastal debris surveys in
states with container DRSs. Similarly, Critchell and colleagues (2023) found that adopting a DRS
significantly reduced plastic marine debris in Australia.

Third, these policies may have broader social benefits. Ashenmiller (2009) found that the
beverage container DRS provide a significant source of income for a group of very-low-income
“professional” recyclers. Extending this logic, she found that adopting beverage container DRS reduces
petty crime by 11 percent (Ashenmiller, 2010).

4.4.5 Disadvantages of Deposit-Return Systems

Despite their many demonstrated advantages, deposit-return systems may have important
disadvantages as well. First, while these programs increase the recycling of beverage containers through
monetary incentives, they also remove high-value materials such as aluminum and PET bottles from the
curbside stream. Studies have shown that aluminum and PET bottles are a small percentage of the
recycling stream by weight but contribute disproportionately to MRF revenue because of their higher
market value (Container Recycling Institute, 2022). Diverting these materials from the curbside stream
reduces revenue for MRFs and could negatively impact the financial sustainability of curbside programs
(unless MRFs were to receive some of the net revenue from the DRS). In fact, curbside recycling
programs sometimes need to enforce against theft of containers from curbside bins (Lange, 2012).
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BOX 4-9
California’s DRS Programs: A Redemption Value Case Study

California established a deposit-refund system (DRS) in the AB2020 Act, which requires consumers to pay a
redemption value for each eligible beverage container. The retailer charges consumers the California Redemption
Value (CRV) at the point of purchase. When the container is empty, the consumer can take it to a certified drop-
off recycling center and receive a refund of the same CRV amount.

Heterogeneous Responses to the Refund Program

Berck and colleagues (2021) focused on the demand side of the recycling system and summarized some of
the evidence around the efficacy of the California Department of Recycling (CalRecycle) deposit-refund recycling
program in conjunction with other recycling alternatives, such as curbside recycling pick-up—in providing
convenient recycling options to consumers.

Using a representative sample of 1,000 Californian adults, Berck and colleagues (2021) found that 23 percent
of respondents used drop-off recycling centers. Respondents seem to find recycling generally convenient and
worth their time. About 32 percent of respondents reported using curbside recycling, and 5 percent reported
recycling at a business or place of worship outside their home. Notably, those who reported using the latter two
options were wealthier and more educated than those who report using drop-off recycling centers. Less affluent
households had lower opportunity costs of time and hence were more likely to find it worth their time and energy
to redeem their CRV at the drop-off recycling centers instead of using curbside recycling. Black and Hispanic
respondents were less likely to use curbside programs than others, and more likely to return material through
drop-off recycling centers (Berck et al., 2021).

Berck and colleagues (2021) asked survey respondents whether a change in the CRV would encourage them
to return containers to drop-off recycling centers. The number of people who said they would redeem their
containers at a drop-off recycling center increased with the CRV. Of the people who said that they were currently
throwing their beverage containers in the trash, it took an increase in the CRV from 5 cents to 15 cents before
more than half said they would start taking containers to a drop-off recycling center. Among those currently using
trash for disposal, only 11 percent said they would redeem at a drop-off center if the rate were increased to 7
cents. The survey respondents who use curbside were much more responsive to a potential increase in CRV than
those who threw out their containers. The same increase of CRV to 7 cents would lead to a 34 percent reallocation
of recycling from curbside to drop-off recycling centers (Berck et al., 2021).

Counterfactual Policy Effects

In a follow-up study, Berck and colleagues (2024) simulated whether an increase in the CRV amount would
(1) increase the overall recycling rate, (2) simply induce a switch in recycling methods, or (3) have no effect at all.
The answer was not clear ex-ante; the authors found that those who currently recycled but did not redeem their
CRV (e.g., through curbside recycling) and those who use trash disposal may or may not be sensitive to small
changes in the CRV amount. Berck and colleagues (2024) found that doubling the CRV amount would induce
only a modest increase in overall recycling (and the benefits of this policy would mostly accrue to wealthier
individuals). Hence, an increase in the CRV amount may not be the optimal policy to increase recycling.

Berck and colleagues (2024) consider the effect of reducing or eliminating the state’s subsidy for handling fee
centers. A 2008 policy change that reduced handling fee payments for some centers caused many of these centers
to close. In addition, many drop-off recycling centers throughout California have closed in response to China’s
2017 decision to restrict imports of recyclable materials (i.e., the National Sword Policy), further limiting drop-off
recycling center options for consumers. This development affected all drop-off recycling centers, not just handling
fee centers, but it has further reduced the ability of handling fee centers to operate without a state subsidy. Berck
and colleagues (2024) use the model estimates to predict recycling options under counterfactual hypothetical
closures of nearby convenient handling fee centers. They find that handling fee center users would generally just
switch to using processing fee centers. Hence, the fear of consumers not having convenient recycling options
without handling fee centers is likely unfounded.

Removing these materials from the curbside stream under a national DRS could reduce sales
revenue to MRFs by more than the cost-saving from handling less curbside material. In addition, states
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with a DRS have struggled to invest in sophisticated MRF technology without the revenue associated
with aluminum cans and PET bottles (Basuhi et al., 2024). Basuhi and colleagues (2024) estimate that
implementing a national DRS would require increases in MRF processing fees net of commodity
revenues by 13 percent and that $373 million more would be needed to offset these losses. Using
unclaimed deposits to help fund MRFs, as California does, might help preserve this system. To date,
DRSs have not confronted these issues because most were in place before curbside recycling programs
were implemented.

A second potential drawback of DRSs is their high cost to redemption centers and consumers.
Redemption centers, often in retail stores, must allocate space for collection and storage for the materials.
Manual return systems rely on workers, and even automatic systems such as “reverse vending machines”
require labor to maintain and manage, in addition to the capital costs of the machines. Estimates of
handling costs vary. In Connecticut in 2018, handling costs were estimated at $0.0284 per container,
which is within the range of handling fees paid by states that offer explicit reimbursement to redemption
centers (Reloop, 2021). Handling fees offered by states range from 1 cent in lowa to 3.5 cents for
commingled containers in New York, Maine, and Vermont. An earlier estimate pegged the costs of
California’s system at 0.2 cents per container (Ackerman et al., 1995), which is an inflation-adjusted 0.41
cents per container today. About 50 percent of redemption centers in California, where the handling fee
was 0.86, closed in the last decade, implying that centers may experience higher costs in many locations.

These estimates suggest relatively high costs relative to curbside recycling programs. For a PET
bottle that weighs 9.25 grams (Recycling Today, 2015), a range of cost from $0.0041 to $0.0284 per
bottle collected for refund implies a cost range from $400 to $2800 per ton of PET bottles collected,
which may typically be higher than average costs for curbside collection and MRF processing. Adding a
DRS to an area with curbside collection for non-deposit materials such as paper probably does not lower
the costs for curbside collection dramatically. Thus, the combined costs of the two systems may be high.

Third, these redemption center costs exclude the substantial time and energy that households
spend to sort, transport, and return materials for redemption. Household costs are likely lower for curbside
recycling. Thus, the social costs of having a DRS may exceed curbside recycling costs substantially,
suggesting that they are suited to collecting materials for which legal and illegal disposal is most harmful.

Finally, as with an EPR program, collecting materials through a DRS does not ensure socially
valuable uses for the collected materials. The problem may be particularly acute for plastics. Virgin
plastic resin is very inexpensive; manufacturers have little incentive to pay for U.S. Food and Drug
Association—approved postconsumer resin without a policy that provides either a strong incentive or a
requirement to do so. As a result, recycled plastic is more commonly used in nonfood applications (PET
to textiles, high-density polyethylene [HDPE] to piping, low-density polyethylene [LDPE] to decking,
polypropylene to paint cans). Even in these nonfood applications, however, demand may be low. A DRS
may need 9to be coupled with policies to drive demand for the materials collected (e.g., a recycled content
standard).

4.4.6 Role of Unredeemed Deposits
Imperfect return rates in DRSs can generate net revenue via unredeemed deposits (i.e., when a
customer forfeits deposit value by not returning the PET bottle). Handling of unredeemed deposits varies

widely in the United States:

e Connecticut, Massachusetts, and Maine use it for general funds.
e New York gives producers a fraction to cover system costs.

® Another alternative would be to implement a variant of the system that applied refunds at the secondary producer,
not the consumer, level (Palmer et al., 1995). In this policy, the refund would be paid as subsidy for use of the
recycled material. This upstream subsidy would still increase material recovery because it raises prices for the
secondary material and thus encourages its collection.
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e Jowa allows producers to keep it and operate the DRS.
Michigan uses it to support retailers that handle deposits.

e (California and Vermont earmark it for specific purposes such as a beverage container
recycling fund and clean water programs.

If a 10-cent deposit fee were implemented nationwide, close to $1 billion in unredeemed deposits
could be available. Policy design is needed for effective use of this revenue without introducing
counterproductive or perverse incentives. For example, although perhaps politically expedient, allowing
producers or retailers to keep forfeited deposits may undercut their incentives to encourage recycling
(Calcott and Walls, 2005). Policymakers designing a DRS need to carefully consider the degree to which
unredeemed funds are allocated back to DRS operations.

4.4.7 Considerations for Policy Implementation

In addition to unredeemed deposits, other considerations for implementing a DRS include the
systems’ limited scope and issues of end-market demand.

DRSs invite consumers to recycle, so expanding such a system nationwide could increase the
amount of material collected for recycling. But it is important to note that the materials collected in these
systems would account for only about 20 percent of the volume of recyclables in the United States. New
deposit-return policies could be coupled with EPR policies to address the remaining 80 percent.

Additionally, increasing the supply of plastic and aluminum recyclables may have unintended
market consequences, especially because demand for recyclables, particularly plastics, is always
uncertain. A demand-side postconsumer recycling policy could balance the additional supply. Policies
that address gaps in financing of plastic recycling are particularly important because the cost of virgin
plastic is less than the cost of processing postconsumer plastic for recycling (see Chapter 5 for relevant
recommendations).

4.4.8 Deposit Legislation

Deposit-return legislation is sometimes thought to be a form of EPR, based on the role that
producers play in the recycling process. However, EPR policies tend to require “invisible” fees built into
the cost of the product, while DRSs require a visible fee to be paid by the purchaser (to be refunded only
when that product is redeemed). Ten states in the United States have DRSs—also known as “bottle bills”
(Figure 4-5; Container Recycling Institute, n.d.). These states tend to have high recycling rates for
materials covered under the DRS; for example, bottle recycling returns are as high as 80 percent in
Oregon.

Except for Hawaii’s program, all deposit-return programs in the United States were enacted
before curbside recycling programs were implemented. Deposit-return policies include aluminum cans
and PET bottles that could instead have been collected and sold as part of curbside recycling, reducing
revenue for these programs unless the deposit-return policy provides compensation for them. Without
compensation, the foregone revenue may make curbside recycling less affordable for local governments.

4.5 KEY POLICY OPTIONS AND RECOMMENDATIONS

The following section outlines key policy options and recommendations for improving recycling
systems, focusing on strategies centered around the costs and approaches of recycling systems.
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4.5.1 Extended Producer Responsibility

As discussed extensively in this chapter, EPR can be a policy strategy for decreasing the total
environmental impact from a product by making the manufacturer of the product responsible for its entire
life cycle and especially for the take-back, recycling, and final disposal of the product (Lindhqvist, 2000).

Bottle bill fact sheet

STATE

CALIFORNIA

CONNECTICUT

HAWAII

IOWA

MAINE

MASSACHUSETTS

MICHIGAN

NEW YORK

OREGON

VERMONT

PERCENT OF BEVERAGE

RETURN DEPOSIT WHAT'S CONTAINERS SOLD
RATE VALUE INCLUDED ELIGIBLE FOR DEPOSIT
REFUND
Beer, soda, all other non-
59% 5¢ <24 ounces alcoholic beverages, wine
(2023) coolers, dl'lstilled 5p'|lit§
10¢ = 24 ounces coolers (wine and spirits)

64.5%

(2024) e

1

55% O
(2023)

of

[
W
2

a9%
(2022)

77%
(2023)

36%
(2023)

73%

(2023) 10¢

68%
(2023)

87%

(2023) 10¢

71%
(2023)

~Hiet ™0

15¢ ;\flsrge I";l:l-Li-qLu:;r All beverages except dairy

5¢ All others cider

15¢ Liguor 15¢

5¢ Al others 5¢ wine coolers, liquor

Beer, soda, sparkling water,
bottled water, flavored water, juice,
juice drinks, kombucha, coffee and
tea, malt-based hard seltzer, hard
cider, energy drinks, sports drinks

90%

Beer, soda, sparkling water,
all other nen-alceholic
beverages, wine coolers,
distilled spirits coolers

Beer, soda, mineral water,
wine coolers, wine, liquor

products and unprocessed

Beer, soda, mineral water

Beer, soda, mineral water,
kombucha, wine coolers,
distilled spirits coolers

Beer, soda, mineral water,
bottled water, flavored water,
wine coolers

All beverages except wine,
distilled liquor, dairy and
plant-based milk and infant
formula {wine in cans to be
added July 2025)

Beer, soda, mineral water,

apgeregere

K TOMRA tomra.com

FIGURE 4-5 Bottle bill fact sheet.

SOURCE: TOMRA, 2023.
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While EPR policies have already been implemented for hard-to-handle materials in the United
States (e.g., e-waste, tires, mattresses, paint), EPR policies focused on plastics and other packaging and
recyclables are less common but growing in prominence (France Ministry of Economy, 2025). As of
2024, five U.S. states have passed EPR policies for packaging.'” While each state law is quite different,
with language that reflects each state’s unique recycling needs, four of the policies (all but Maine’s)
incorporate requirements for packaging reduction, recycling, use of postconsumer content, packaging
design, and “responsible end-market” requirements.

The general structure of an EPR policy requires producers to cover the cost of the entire life cycle
of packaging, including disposal, and to pay fees based on specified criteria. Additions or subtractions
from the producer’s disposal fee are intended to encourage changes in covered materials that would
increase their recyclability or reduce their environmental harm. The fees are then used to pay for the cost
of collection, processing, and recycling of the covered materials. In this way, EPR policies also establish a
financing mechanism for waste management systems that is different, and likely more stable and reliable,
than traditional financing schemes. This alternative funding scheme can improve recycling access and
increase supply of recycled materials.

EPR policies for packaging typically allow for a nonprofit PRO to manage the program
efficiently on behalf of the producers whose products are covered in the regulation. The organization
collects fees from the producers and uses those funds to support and manage the recycling programs on
their behalf to achieve the requirements of the law cost-effectively. By using the revenue generated by
those EPR fees to support waste and recycling systems, EPR policies reduce the financial burden on local
governments and recyclers, facilitate investment in recycling, and reduce the cost of recycling. Producer
responsibility toward recycling programs increases access to recycling, ultimately increasing the supply
of recycled materials. In addition, as discussed in this chapter, fee requirements under an eco-modulation
scheme in the legislation can provide incentives for packaging design choices to help achieve the EPR
policy goals, and disincentives for packaging design choices counter to those goals. Cost implications of
EPR policies vary, but initial ranges can be observed in the states that have already enacted EPR for
plastics and packaging. For example, Oregon has a designated PRO, the Circular Action Alliance, that has
established packaging fees in a proposed program plan, ranging from 1 to 273 cents per pound depending
on the packaging type (ODEQ, 2024).

EPR policies have trade-offs as well. First, at least a portion of the EPR fees imposed on
manufacturers would be passed along to consumers in the cost of goods (e.g., groceries) and thus could be
considered a regressive tax, as these goods make up a larger-than-average percentage of spending by low-
income households. Second, EPR policies have not historically been designed to address end-market
demand for recyclables. Adding supply of material without addressing demand has the potential to erode
market prices, which would likely yield negative impacts on various actors in the waste management
system, including collectors, haulers, sorters, and processors. This potential drawback of EPR policy
could be addressed by a fee per ton of virgin plastic resin purchased by manufacturers and a reward per
ton of recycled plastic resin purchased by those same manufacturers. Both the fee and the reward are
intended to increase demand for recycled plastic resin and thus complement EPR policies that increase its
supply.

States have passed EPR legislation with variations that reflect their specific recycling needs.
While federal legislation could provide more consistent implementation and widespread adoption, state-
by-state heterogeneity still needs to be considered. Instead of a nationwide EPR law, developing a federal
EPR framework that recommends key elements for states to include in their EPR legislation could help
facilitate effective use of this policy at the state level, while promoting consistency to the extent
practicable. This federal framework would include recommending that states conduct a needs assessment
to identify gaps in current services and programs, materials to be covered in the law (“covered
materials”), eco-modulation concepts, and program implementation guidelines. Furthermore, Congress

10 Maine, Oregon, Colorado, California, and Minnesota.
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could encourage state adoption of these federal EPR guidelines by offering federal support for state
recycling infrastructure that depends on adoption of federal EPR guidelines and standards.

Once passed, EPR policies for plastic packaging and other recyclables require multiple years to

implement. Reasonable estimates based on states that have already passed EPR policies range from 3 to 5
years for implementation. After enactment, the results of these policies can be assessed via annual
producer reporting to the regulatory agencies (including state or federal agencies). Reporting
requirements are typically embedded within EPR policies and include data such as tons collected, tons
recycled into new products, tons of packaging reduced, and carbon emission reductions associated with
packaging reduced and recycled. Consistent with the committee’s recommendation below regarding data
needs, these data need to be collected and analyzed to ensure the EPR policy is working as intended and
accomplishing appropriate recycling goals.

In summary, the committee offers the following conclusions, recommendation, and policy options

regarding EPR policies.

Conclusion 4-1: EPR policies can achieve multiple policy objectives for recycling, including
providing stable financing for recycling programs, decreasing contamination, increasing the
efficiency of recycling systems, increasing demand for recycled material, and enhancing
environmental and social benefits of recycling.

Recommendation 4-1: The United States should increase reliance on extended producer
responsibility (EPR), which should cover packaging and expand to other materials as
appropriate. EPR policies should include eco-modulation to create economic incentives for
manufacturers to design for recyclability, and funding streams for recycling systems and
infrastructures. State government should enact EPR policies to account for regional
heterogeneity but should be supported and informed by a national framework with
guidelines.

The committee developed key policy options to accomplish this recommendation, targeted at

different levels of government.

Key Policy Option 4-1: The U.S. Environmental Protection Agency (EPA), with appropriate
funding and authority from Congress, could develop and facilitate a national extended producer
responsibility (EPR) framework, as outlined in its 2024 report National Strategy to Prevent Plastic
Pollution. If it pursues this framework, EPA should consult with state, local, and tribal
governments; nongovernmental organizations; industry; and other relevant partners. This
framework should provide guidelines on key elements of state-level EPR policies and recommend
minimum state-level standards and best practices. A national framework should provide as much
consistency across states as possible and support multistate efforts, while allowing for state-level
variation in targets, fees, covered materials, and methods to reflect heterogeneity in costs and
benefits across states.

Key Policy Option 4-2: State governments could enact extended producer responsibility (EPR)
policies, informed by any minimum standards provided by the U.S. Environmental Protection
Agency. State-level needs assessments should identify gaps in current services and programs and
serve as a basis for setting EPR fees. Within an EPR framework, state governments could consider
policies, such as recycled content standards, to enhance end markets for recyclable materials.

4.6.2 State-Based Landfill Surcharges for Recycling

MSW landfills charge a “tipping fee” for the waste that they accept. This fee is typically charged

as dollars per ton of solid waste (or in some cases, dollars per cubic yard). The tipping fee comprises (1) a
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baseline fee paid to the owners of the facility to cover their capital and operating costs and (2) a surcharge
to address the social and environmental impacts associated with landfilling (i.e., external costs relative to
other means of MSW management). A landfill tipping fee raises the cost of disposal and reduces its cost
advantage over recycling. Furthermore, the funds collected can be used to support statewide or local
recycling programs, further shifting MSW management from landfills toward recycling. Along with these
incentives, reducing landfill use confers benefits by reducing the social and environmental externalities
that they generate (see Chapter 6). Costs are also reduced by lengthening the lifetime of available landfill
capacity.

The landfill tipping fee surcharges is an example of a Pigovian tax or fee intended to internalize
the social and environmental external costs of a management option (as discussed in Chapter 3). Under
ideal competitive market assumptions, a Pigovian tax induces reduction of costly polluting behavior in an
economically efficient manner, by setting the tax rate equal to the marginal external cost (Arrow, 1970;
Burrows, 1979; Cremer et al., 1998). The process for determining an appropriate externality fee involves
two major steps: first, environmental impact studies such as life cycle analyses calculate the social or
environmental damage expected from each disposal option (discussed below); second, economic studies
are necessary to value this impact. These economic studies can employ behavioral (revealed preference),
or attitudinal (stated preference) methods (see Chapter 6; see also Mendelsohn and Olmstead, 2009).
Examples of social and environmental costs that have been explored for use in cost-benefit studies
include Matthews and Lave (2000), Sovacool and colleagues (2021), and Comineti and colleagues (2024).
Applications of externality pricing in cost-benefit analysis for solid waste management are demonstrated
by Goddard (1995), Fullerton and Kinnaman (1995, 1996), Nahman (2011), Paes and colleagues (2020),
Medina-Mijangos and colleagues (2021), Matheson (2022), and Massarutto (2024).

Landfills are regulated and permitted by state governments; however, their baseline tipping fees
are set by the landfill owners based on market conditions (private landfills) or costs (public landfills).
These fees can be paid at the landfill or at a transfer station that feeds into a particular landfill. At present,
many but not all states have a landfill tipping fee surcharge (essentially, a tax), which is collected by
landfill operators and paid by the individual or entity disposing of MSW at that landfill. In urban areas,
this entity is often a hauler of MSW, but in rural areas the fee may apply to others transporting their own
household waste to a landfill. Regardless of the entity directly paying this surcharge at the landfill, the
surcharge would mostly be passed along to the original waste generator, raising the cost of waste disposal
relative to other management options (e.g., recycling). State governments can also tailor fee levels to their
state’s conditions and can choose the appropriate local governments and programs to receive the funds
raised.

Current Surcharge Rates Across the United States

By 2009, 30 states had imposed tipping fee surcharges, with an average fee of about $2 per ton
(Jenkins and Maguire, 2012). In response to a survey from the National Conference of State Legislatures
(2021), 12 states reported surcharges as of 2021, as shown in Box 4-10. These states have tipping fee
surcharge rates that range from $0.25 to $6.00 per ton, with a mean of $2.40 per ton, a median of $2.00
per ton, and a standard deviation of $1.70 per ton.

The Environmental Research & Education Foundation (2024) reported total tipping fees in 2023
had a mean of $58 per ton, with regional averages ranging from $43 to $83 per ton, the $2 per ton
surcharge represents 3.4 percent of the average total tipping fee (and 2.4—4.7 percent of the low and high
regional averages). With a proposed additional surcharge of $2 per ton, the decrease in the financial
advantage of landfilling relative to recycling is likely to be minor. However, the very presence of a
landfill surcharge and its use to support recycling awareness and infrastructure may be enough to
motivate public and stakeholder awareness, support, and action to begin and to continue the process of
transition from landfill disposal toward recycling. While the most appropriate landfill surcharge rate for a
state will be determined by its legislature with input from its citizens, industry, and environmental and
economic advisors, the results of our estimates and analysis suggest that a $2 per ton surcharge can serve
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as a moderate and representative point of departure to initiate and support state-specific recycling

legislation.
BOX 4-10
States with Landfill Tipping Surcharges
State Landfill Surcharge State Landfill Surcharge
Arizona $0.25 Maine $2.00
Arkansas $1.50 Michigan $6.00
California $1.34 Nebraska $1.25
Georgia $0.75 Ohio $2.00
Illinois $2.00 Pennsylvania $4.00
Iowa $4.25 South Dakota $3.00
NOTE: Rates are listed for the 12 states that provided them for the study.
SOURCE: NCSL, 2021.

Appropriate (Moderate) Rates for a Tipping Fee Surcharge?

While states may select tipping fee surcharge rates based on the environmental and social
externalities associated with disposal at a landfill, external damages are difficult to calculate in a
consistent manner across sites and are subject to high measurement uncertainty. Furthermore, calculated
rates may exhibit wide variation across a state, due to both physical and demographic heterogeneity and
the use of differing methods and modeling assumptions. Guidance is needed for states to identify a range
of tipping fees to be deemed as moderate and appropriate. For a total tipping fee to be considered
moderate, it should encourage systems to begin recycling, due either to the modified cost differential or
the new funding for recycling efforts generated by the fees. However, if they are too high, they present a
threat to an MSW system’s financial viability while it undergoes the transition from landfill dominated
MSW service toward more recycling, nor to penalize communities that lack the necessary conditions and
resources for this transition. A first test for a state or system is to ask, “How does a proposed surcharge
compare with tipping and surcharge rates at other landfills, nationally or in their state or region, especially
those with similar waste, economic, and environmental conditions?”

While surcharges affect costs only minimally, it is reasonable to assume they are passed along to
the original waste generator, thereby raising the cost of waste disposal relative to other management
options, including recycling and composting. This may help address difference in cost between landfill
disposal (which are usually lower) versus recycling and composting (which are usually higher).
Addressing this difference is especially important when revenues from the sale of recovered recyclables
are in a market downswing. Increasing surcharges for landfill disposal could increase economic pressures
and incentives for recycling and composting.

Surcharges can further reduce the price differential between landfilling and recycling if the
revenues generated are allocated by state governments to support local recycling efforts (or other MSW
treatment, including composting or other treatments of organics). These funds could offset the cost of
local recycling operations by being allocated to recycling enterprise funds, or could support grants for
local recycling infrastructure, fund local social modeling programs (i.e., locally organized programs that
promote recycling norms and behaviors [see Section 6.3 in Chapter 6]). The funds could even support
research efforts that inform recycling systems and promote their cost efficiency.

The economic pressure and incentive to recycle from landfill tipping fee surcharges would be felt
by consumers differentially. For example, businesses and rural households that pay for private waste
hauling (and rural households that transport their own waste for disposal) would see the direct effects of
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this policy and have greater incentives to substitute recycling for disposal, when possible, as well as
reducing their overall waste generation. Local governments that pay for MSW collection will likewise
have stronger economic incentives to provide curbside and recycling drop-off programs and municipal
composting programs. Households served by these government-funded systems may see an increase in
taxes or waste management fees, but not a change in costs that would motivate changes in their waste
management behavior. Exceptions would include households covered by pay-per-bag or subscription
programs that are sensitive to the waste quantities. Thus, a limitation of this policy is that it may not
encourage appropriate or desired changes in behavior for these households, which make up most of the
population.

Additional disadvantages of this policy may arise but can be managed by keeping landfill tipping
fee surcharges at an appropriate level. For waste generators who experience greater direct costs of
disposal, surcharges may encourage not only reuse and recycling, but also illegal dumping of waste or
greater contamination of recycled materials. The unintended adverse effect of a landfill surcharge on
illegal dumping is likely to vary by location and the associated demographic characteristics of that
locality. Residents of rural areas may have easy access to unmonitored locations for dumping waste
illegally; urban locations could also see illegal dumping in vacant lots or in commercial dumpsters, if
those locations are not monitored. Revenues raised from surcharges could be spent on efforts to monitor
and/or discourage illegal disposal and “wish-cycling” behavior (i.e., the act of placing non-recyclable
items in recycling bins under the mistaken assumption that they can be processed, leading to
contamination and inefficiencies in recycling systems).

The distribution of burdens of landfill tipping fee surcharges may also be a concern. As described
above, direct costs of waste management will rise for households that transport waste to landfills
themselves or pay for private waste hauling. It will also raise costs for local governments who will see an
increase in their waste management fees. When local governments use enterprise funding for MSW and
impose uniform charges across all households, these increased costs will place a higher relative burden on
low-income families than on high-income families. Some of these effects might be mitigated by focusing
the redistribution of surcharge revenue to address recycling costs for the households most burdened by the
surcharges. Lastly, for local government-owned and -operated landfills, landfill tipping fees are often
used to support general funds for other government-provided public goods. If the tipping fee surcharges
work as intended and decrease the amount of recyclable material entering a landfill, these landfills may
see a decline in revenue that reduces funding for local governments.

Landfill tipping fee surcharges to encourage and support recycling need to be mandated at the
state rather than local level. Some local governments own and operate their own landfill and therefore
have different incentives for the volume of waste that is landfilled. Furthermore, residents or business
could bypass local surcharges could be bypassed by transporting waste to landfills in localities without
surcharges. State governments can tailor surcharge levels to their appropriate state-level conditions and
can choose the appropriate local governments and program to receive the funds raised.

Especially as compared with other policy options for recycling, the time frame necessary to
implement surcharges on landfill tipping fees could be short. If a state legislature adopts or increases a
landfill surcharges, changes can likely begin within 1-2 years. Funding for recycling programs arising
from these surcharges can thus likely be available within 2-3 years (i.e., 1 fiscal year after the initiation of
the surcharge). To measure its effectiveness as a policy, states could monitor both funds raised and MSW
diversion rates. However, states also need to consider evidence of increased illegal disposal or recycling
contamination from segments of the MSW system that see direct effects of the surcharges.

Conclusion 4-2: State-based land(fill tipping fee surcharges can provide a dedicated revenue source
to support recycling programs and can provide incentives for waste diversion from landfills
(especially recyclable materials and organics) from landfills. As such, landfill tipping fee
surcharges can offset some of the costs of recycling, enhance social and environmental benefits
associated with recycling, and provide stable financing for recycling systems.
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Key Policy Option 4-3: State governments could implement mandatory surcharges on landfill
tipping fees to provide incentives for recycling, support recycling and composting efforts, and
divert waste from landfills. Moderate surcharges would minimize harmful responses (e.g., illegal
dumping, increased contamination of recycling streams). State governments could collect and
redistribute the funds to various recycling activities based on state and local priorities. Local uses
of these revenues may vary with needs but could include grants for recycling infrastructure, shoring
up enterprise funds for recycling operations, and funding local social modeling programs.

4.6.3 Federal and State Government Funding for Tribal and Rural Recycling Programs

One of the primary objectives of MSW management programs is to make it easy and convenient
for residents to participate in them. Achieving this objective is a key reason why curbside collection
services are provided on a regular basis to single-family residences.

While this type of service can be provided cost-efficiently to residents in urban and suburban
communities, curbside collection is cost-prohibitive for many tribal and rural communities because of
their low population density and long distances between households. While 80 percent of the United
States is rural land, only about 20 percent of U.S. households are located in these areas. Therefore, the
primary method of providing recyclables and organics collection to rural communities is through drop-off
recycling and composting centers.

While the economics of recycling in rural parts of the United States are different from suburban
or urban settings, recycling can sometimes provide similar benefits. Recycling in these areas can reduce
landfilled waste and ensure that landfills last longer. Recycling services can provide similar job
availability as in urban settings and achieve positive environmental benefits over alternative means of
disposal. However, overall life cycle impacts of materials are different in rural settings from urban
settings; this heterogeneity is an important consideration for tribal and local governments in rural settings
when determining which materials to accept in their recycling programs. As discussed in Chapter 2, local
governments need to conduct assessments based on sustainable materials management and set goals to
ensure their programs are both economically and environmentally sound.

Recycling programs in rural areas face other economic challenges besides low population density.
In general, these programs have higher transportation costs than urban settings; they tend to have more
difficulty in reaching end markets for recycled materials, and in reaching economies of scale. As
mentioned in Chapter 3, a hub-and-spoke system may help address these challenges.

Rural recycling programs have other economic differences compared with urban settings. Local
drop-off centers and facilities that process fewer amounts and different kinds of materials often have
lower capital cost requirements than MRFs in urban settings. Operational costs (e.g., staffing) may also be
lower, but access to capital and financing to cover those operational costs may be less reliable than in
urban areas. As such, alternative financing models may be needed to design cost-efficient and
environmentally sound rural recycling programs. Alternative funding mechanisms for rural recycling
areas include dedicated financing generated from statewide federal level grants such as the Solid Waste
Infrastructure for Recycling programs, state-level EPR policies that promote recycling programs in rural
areas, and landfill tipping fee surcharges.

While tribal and rural recycling often run into similar issues—such as lack of infrastructure; long
distances to access waste disposal; recycling, or composting; and lack of funding—tribal recycling
programs face many unique challenges. If a reservation-based tribe is not checkerboarded with non-tribal
residents (i.e., if the land is solely tribal land), then they often are responsible for their own solid waste
responsibilities as they are not tied to a municipality or county collection system. Funding is seriously
lacking to address this problem, since tribal programs are not locally, state or federally funded. These
locations may have reduced populations without the ability to collect taxes to cover costs, substantially
raising the fees to address open dumping of solid waste. Cultural differences also arise between tribes and
rural citizens. Tribal citizens who live on reservations solely inhabited by tribal members believe that the
U.S. government will provide for them based upon treaty rights that are in place. Non-tribal citizens who
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live in rural areas may try to do the right thing but many simply do not want to pay to dispose of their
waste and therefore dump it wherever they can—to avoid paying fees.

Unique challenges are also present for each tribe. Of the 574 sovereign tribal nations across the
United States and Alaska, 229 are Alaskan Native Villages. Nearly half of those Alaskan Nations must
send out their waste by barges or planes that may only be able to operate for 6 months of the year. For
example, the Alakanuk Traditional Tribe of Alakanuk, Alaska, does not have good roadways in and out of
the Village, so waste is addressed through barges and planes. Conversely, the Chickaloon Village of
Palmer and Sutton, Alaska, relies on its roadways to dispose of waste. The Fort Belknap Indian
Community, the fourth largest reservation in Montana is only 40 miles south of the Canadian border. This
community have challenges with finding resources for waste disposal because of the distance from larger
communities. The Mille Lacs Band of Ojibwe, located in East Central Minnesota approximately 2 hours
north of Saint Paul, Minnesota, has developed a successful hub and spoke system but funding remains a
challenge.

Conclusion 4-3: Relying on local government financing limits access to recycling programs,
particularly for residents of rural areas, where recycling costs are high. It also limits access for
many small business owners, who often face difficulties participating in municipal recycling
programs. Alternative funding mechanisms, such as state or federal grants or EPR programs,
would help distribute recycling costs across a broader population.

Key Policy Option 4-4: The U.S. Congress and state legislatures could authorize and appropriate
funds for rural and tribal recycling. These funds could help communities overcome transportation
distances and achieve economies of scale, through purchase of infrastructure such as trucks, drop-
off and transfer facilities, and processing facilities. In parallel, the U.S. Environmental Protection
Agency could continue to provide Solid Waste Infrastructure for Recycling grants for rural and
tribal communities. State government funding could be derived from revenues generated from
extended producer responsibility policies, landfilling tipping fee surcharges, or other state-based
revenues.
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5
Materials and Markets

Summary of Key Messages

e  Commonly recycled materials: Most U.S. communities focus on recycling plastics, paper, cardboard, glass,
and metals.

e Managing food and yard waste: Some states prohibit the landfilling of yard waste and have mandatory
recycling policies for these materials. Municipal solid waste authorities have increasing interest in managing
these materials through composting and anaerobic digestion. While these management strategies deliver high
environmental benefits through the reduction of greenhouse gas emissions, separate collection present
challenges.

e Variability in recycling efficiency: Recycling rates vary significantly across the United States, with some
cities achieving higher efficiency due to mandates, specialized programs, effective education and
enforcement, and focused public policies. These efforts demonstrate the potential for recycling efficiency to
surpass national averages through targeted local actions.

e Importance of reducing contamination: Contamination in recycling streams hinders the economic and
environmental effectiveness of recycling systems; reducing contamination is a critical focus for national
recycling strategies.

e Challenges in recycling plastics: Recycling plastics is important because of their persistence in the
environment, their generation from non-renewable sources, their contribution to litter problems, and more.
However, their recycling rates are low, partly because only certain resin types are accepted for recycling (as
influenced by market demand and technological limitations).

® Role of end markets: End markets play a critical role in sustaining recycling systems, with cardboard and
high-value materials such as metals and HDPE and PET plastics contributing the most reliable revenues.

e  Global recycling markets: Global market shifts, such as China’s import bans on recyclables have reshaped
global recycling markets, exposed the need for resilient domestic markets, and led to increased recycling
capacity and market development in the United States.

This chapter explores the various materials commonly accepted for recycling that are within the
committee’s scope of task, and it identifies relevant issues that are unique or specific to individual
materials. It also builds on previous chapters’ discussions of end markets, which are critical to an
effective recycling system, and outlines various public policies relevant to enhancing those markets.

5.1 RECYCLING RATES

In the United States, most communities focus on five material types collected curbside or at drop-
off centers and processed at materials recovery facilities (MRFs): plastics, paper, cardboard, glass, and
metals (ferrous and aluminum). Less commonly collected are food and yard wastes, which can be
managed through composting or anaerobic digestion. Industry plays an important role by collecting and
recycling some of its own materials. Understanding the materials accepted by MRFs across the country,
and the rates at which those materials are collected, is complicated because of a lack of standardized
reporting; see Box 5-1 for legislation proposed to address these issues.
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BOX 5-1
Recycling and Composting Accountability Act

The Recycling and Composting Accountability Act (S. 3743) is aimed at strengthening recycling and
composting systems across the United States through enhanced data collection, standardized reporting, and
actionable analysis for policymakers and stakeholders. Passed by the Senate in July 2022 with support from 11
cosponsors (5 Democratic, 5 Republican, and 1 Independent), the act directs the U.S. Environmental Protection
Agency (EPA) to evaluate the nation’s recycling and composting infrastructure, establish baseline metrics, and
provide comprehensive reports on material recovery. These measures seek to address existing inefficiencies,
improve transparency, and guide improvements in waste management practices.

Central to the act is a focus on improving data reporting. It tasks EPA with creating detailed inventories of
public and private materials recovery facilities, cataloging the types of materials—such as plastics, paper, metals,
and glass—that each facility can process. This initiative provides a clearer picture of the national recycling
landscape, highlighting gaps in infrastructure and opportunities for optimization. Furthermore, the act mandates
the standardization of recycling and composting rate reporting across states, ensuring consistent and comparable
data nationwide. These standardized metrics will help reduce confusion about recycling and composting
capabilities and improve the ability of local and federal agencies to make data-driven decisions.

The act also emphasizes the development of metrics for contamination and capture rates within recycling
systems. By identifying inefficiencies in material processing and recycling outcomes, these metrics will guide
targeted improvements in collection, sorting, and recycling practices. This data-centric approach will enable
federal, state, local, and tribal governments to enhance the efficiency and effectiveness of recycling systems,
ultimately reducing contamination and promoting a more sustainable use of resources. By prioritizing
comprehensive and consistent data collection, the act lays the groundwork for informed policymaking that
supports both environmental and economic goals.

SOURCE: Recycling and Composting Accountability Act, S. 3743, 117th Congress (2022), see
https://www.congress.gov/bill/117th-congress/senate-bill/3743/text.

Absent standardized reporting, data on national collection and processing of recyclables are
updated rarely. The most recent data were published in 2020 and reflect estimates of diversion in 2018
(see Figure 5-1 and Table 5-1; EPA, 2018). Figure 5-1 shows the amount of material recycled rose rapidly
in the 1990s and early 2000s but has risen much more slowly since.

In addition to total recycling material tonnages, efforts have been made to calculate recycling
rates for different materials over time. As displayed in Figure 5-1B, Arbex and Mahone (2024) use data
from the U.S. EPA, together with material flow accounts, which track economy-wide material use
(Eurostat, 2018), to calculate an overall recycling rate for recycled materials from 1970-2015. While
recycling rates for materials differ, all materials display an increase in recycling rate during this time.
Recent changes in recycling may be explained by a combination of technical factors such as differences in
the inherent flexibility of materials for sorting and reuse, and economic and regulatory factors affecting
waste processor costs and consumer preferences (Bening et al., 2021; Butler and Hooper, 2005; Le Pera et
al., 2023).

In Figure 5-1, the tonnages for all recycling categories increase over the entire 50-year period, but
the largest tonnage in all those years is for “paper and paperboard.” The next largest tonnage across this
period is for “metals.” Interestingly, Figure 5-1 shows that tonnages for the glass category remain small
relative to the others, but Figure 5-2 shows that the recycling rate for glass has increased more than any
other category. The recycling rate for plastics started small but has increased somewhat more than the
increase for metals. These recycling rates are each an average across the country, so they understate rates
for individual materials currently recycled in locations such as cities that invest heavily in recycling (see
Box 5-2).
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FIGURE 5-1 Recycling tonnages in the United States, 1960-2018.
SOURCE: EPA, 2018.

To help understand these trends in recycling tonnages and recycling rates, we might like to see
trends in total recycling expenditures by government. However, most local governments report total
MSW expenditures, and do not break down collection of garbage for the landfill and other collection for
recycling. In general, recycling might be an increasing fraction of total MSW expenditures, but it is
difficult to determine how much that share has increased. Thus, recycling expenditures cannot be shown
for the several time-trends in Figure 5-3. However, the dark blue trend does show total U.S. MSW
expenditures as a fraction of gross domestic product (GDP). That ratio doubles from 100 percent of its
1970 level to 200 percent of that level in 1992 and then levels off until 1995, before falling steadily
thereafter. In other words, after 1995, any growth in MSW expenditures was exceeded by overall growth
in GDP. This decline in relative MSW spending may or may not partially explain the slowdown in growth
of the overall recycling rate (shown in the orange trend line for the aggregate of all materials in the
previous figure).

Another influence on recycling tonnages or recycling rates over this period might be changes in
prices, so Figure 5-3 also shows a time-trend for the prices paid by firms for recycled materials (in light
blue) and for the price of virgin materials (in green). For average recycled materials prices, data are not
available until 1990 and then unavailable again in 1997 and 1998. These prices are highly volatile, though
they end in 2015 somewhat higher than in 1990. In contrast, the price for virgin materials bounces up and
down across the entire period, but it falls by 2015 to about 70 percent of its 1970 level. That price decline
is only partly explained by recent reductions in prices for petrochemicals used to make plastic.
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TABLE 5-1 Recycling Tonnages in the United States, 1960-2018

Recycled 1960 1970 1980 1990 2000 2005 2010 2015 2017 2018
}}:zggba;‘i q 5080 | 6,770 | 11,740 | 20230 | 37,560 | 41960 | 44570 | 45320 | 44,170 | 45970
Glass 100 160 750 2,630 2,880 2,590 3,130 3,190 3,070 3,060
Metals

Ferrous 50 150 370 2,230 4,680 5,020 5,800 6,070 6,170 6,360
Aluminum Neg. 10 310 1,010 860 690 680 670 600 670
Other

Nonferrous Neg. 320 540 730 1,060 1,280 1,440 1,290 1,710 1,690
Total Metals 50 480 1,220 3,970 6,600 6,990 7,920 8,030 8,480 8,720
Plastics Neg. = Neg. 20 370 1,480 1,780 2,500 3,120 3,000 3,020
E?fﬂﬁeerr and 330 250 130 370 820 1,050 1,440 1,550 1,670 1,670
Textiles 50 60 160 660 1,320 1,830 2,050 2,460 2,570 2,510
Wood Neg. | Neg. Neg. 130 1,370 1,830 2,280 2,660 3,030 3,100
Other Neg. 300 500 680 980 1,210 1,370 1,230 990 970
Total MSW

5610 8,020 14,520 29,040 53,010 59,240 65,260 67,560 66,980 69,020
Recycled

SOURCE: EPA, 2018.
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FIGURE 5-2 Recycling rates for five categories of materials in the United States, 1970-2015.
SOURCE: Arbex and Mahone, 2024.

As it turns out, the trends in recycling tonnages and rates cannot be explained either by changes in
government MSW expenditures nor by these two price trends. This is because the time-trends are
determined simultaneously by the same complicated economic influences. For example, an increase in
economic growth could explain increased demand for virgin materials, but any resulting increase in price
of virgin materials could shift some of that demand to recycled materials. That shift might increase
recycling rates, with or without more MSW expenditures. The trends cannot readily be disentangled.
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Trends of U.5. MSW Expenditures by GDP, Recycling Rate, Virgin Materials Price, and
Recycled Materials Price relative to Historic Levels

—|].S. MSW Expenditures by GDP

= (Overall Recycling Rate
=—\/irgin Material Price

300 = Recycled Materials Price (rel. 1990)

200

Relative Value to First Year

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

FIGURE 5-3 Trends of U.S. municipal solid waste (MSW) expenditures by gross domestic product (GDP), 1970—
2015, each relative to its 1970 level.

NOTES: The virgin material and recycled material prices have been corrected for inflation. Data on recycling
materials price are not available prior to 1990, so subsequent years are shown relative to 1990.

SOURCE: Derived from Arbex and Mahone, 2024. MSW and recycling data primarily from EPA, and virgin
material price primarily from Federal Reserve Economic Data.

BOX 5-2
Case Study: Recycling Excellence in the United States

Three U.S. cities report efficiency rates that far exceed national averages (see Table 5-2). These rates differ in
part because some cities likely include a broader range of materials, including organic waste, particularly in cities
such as Seattle, Washington, and Portland, Oregon. For example, Seattle’s 60 percent recycling rate reflects
contributions from organics, as the city has local mandates for food waste separation. This material differs from
the traditional recyclables highlighted in subsequent figures, which may not capture the same breadth of materials.

TABLE 5-2 Examples of Recycling Excellence in the United States

Reported Overall

Community Recycling Rate Tactics

Boulder, Colorado 38% 100% curbside collection, special event recycling,
occupational trash tax, commercial recyclable
separation

Seattle, Washington 60% Local food waste separation mandate, lower collection
charges, variable garbage rates, recycling requirements

Portland, Oregon 39% State mandates, supervised drop-off centers, recycling

(statewide) requirements, every-other-week garbage collection.

SOURCES: Generated by the committee with data from Brewer, 2025; ODEQ, 2024.
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EPA (2020) estimated the financial benefits of recycling in terms of jobs (681,000 in 2012),
wages ($37.8 billion), and tax revenues ($5.5 billion). Yet, according to The Recycling Partnership
(2024), over 76 percent of residential recyclables are landfilled or incinerated. Part of the loss in
recyclables can be attributed to the fact that only 85 percent of communities have curbside collection and
63 percent of multifamily communities have no access to recyclables collection for an overall access to
recycling of 73 percent. Unfortunately, over 57 percent of households do not participate in recycling (for
lack of access or interest), and the average MRF captures only 87 percent of its accepted recyclable
materials. Therefore, The Recycling Project (2024) estimates that over 50 percent of recyclables from
homes with curbside collection is landfilled or incinerated.

Efficient recycling has technical, behavioral, and economic barriers, and multiple challenges that
include contamination of recycling streams, single-stream recyclable collection, limited access to
recycling collection, failure to properly separate recyclables, and inefficient processing of recyclables at
MRFs.

Contamination of materials in recycling bins and drop-off facilities reduces the economic benefits
of recycling. EPA (2021) identified contamination reduction as a key element of its National Recycling
Strategy. The Recycling Partnership (2020) estimates that nationally the contamination rate is 17 percent,
but in some cases it may be as high as 50 percent (Runewese et al., 2020). Contamination can occur
because of poor communication between municipalities and participants, confusion over what can be
recycled, indifference to the environment, and “wish-cycling” (placing materials in bins that participants
hope can be recycled).

The following sections discuss the collection and use of the five main materials collected for
recycling, as well as food and yard waste.

5.1.1 Plastics

Plastic is a ubiquitous component because of its strength, low cost, durability, environmental
benefits, and wide range of properties (Avery et al., 2025). Dozens of types of plastic resins are or have
been in use (see Table 5-3). Most have single or short-term use and therefore routinely and quickly find
their way into municipal solid waste (MSW) streams. The production of plastics consumes 6 percent of
the world’s refined crude oil (Dal et al., 2022).

Although these resins are all types of plastic, each resin has different characteristics that are
beneficial for different types of manufacturing and product uses. Different challenges also relate to
recycling for each resin type. Thus, to be useful for manufacturing, plastic recyclables must be separated
by resin type.

Although plastics make up only 12 percent of MSW generated in the United States, many people
see it as the most problematic type for several reasons. Plastic has low density, so it represents a greater
share of waste by volume than by mass. Plastic waste has especially high environmental costs because it
is long lasting, highly visible in the environment as litter, and has recently been identified as the source of
micro and nano plastic particles in the environment. Approximately 5 percent of plastic waste is managed
inappropriately, harming marine and terrestrial life when animals become entangled in it or ingest it
(NASEM, 2023). Micro and nano plastics have been found in every environment on earth and may harm
human health.

Some types of plastics are collected by almost every curbside recycling program. EPA (2024)
estimated that, in total, approximately 9 percent of plastic waste was recycled in 2018. Recycling of
plastics avoids the consumption of energy and fossil fuels to produce virgin plastics. Figure 5-4 shows the
breakdown of plastic waste by resin and product type as determined by Milbrandt (2022), who reported
that 5 percent of plastics were recycled globally in 2019. Although most thermoplastics (plastics that can
be remelted and molded into new plastics) can be recyclable, only resin numbers 1 and 2 are commonly
collected in household curbside collection programs or at drop-off centers (see Table 5-3). Types 3—7 are
considered hard to recycle, although interest is increasing among developing programs to manage these
waste types. Film, wrap, and bags made of low-density polyethylene (LDPE) dominate plastic wastes,
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representing 5.8 percent of MSW by weight (Milbrandt, 2022; see Figure 5-2). LDPE is still poorly
recycled because of the high cost of processing and difficulty of processing for MRFs. However, the
industry is investing in new sorting and recycling technologies that may help address these challenges.

TABLE 5-3 Resin Identification Codes

Resin
Identification
Code (RIC)

Polymer Name

Common Products

N\
A

PETE

N\
o

\
A

N\
A

LDPE

\
A

N\
A

OTHER

Polyethylene terephthalate (also
PET)

High-density polyethylene

Polyvinyl chloride

Low-density polyethylene
(another form is linear low-
density polyethylene, or LLDPE)

Polypropylene

Polystyrene or expanded
polystyrene (PS/EPS)

Polycarbonate, nylon,
acrylonitrile, butadiene styrene
(ABS), acrylic, polylactide (PLA)

Bottle, jars, containers, trays, carpet

Bottles, milk jugs, bags,? containers,
toys

Pipes, siding, pool liners, bags,
shoes, tile

Bags, wrap, squeezable bottles,
flexible container lids, agricultural
film, cable coating

Tupperware plastics, yogurt tubs,
hangers, diapers, straws

Disposable cups and plates, take-out
container, packing peanuts

CDs, safety glasses, medical storage,
baby bottles

4 Plastics bags are manufactured with HDPE, LDPE, and LLDPE. While most shopping bags
(e.g., grocery store bags) are manufactured with HDPE, LDPE is typically used for tear-away
dry cleaner bags, and LLDPE is used for heavier and thicker bags, for example those used by
clothing stores (Sciencing 2018).

SOURCES: ASTM, 2022; NASEM, 2023.
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FIGURE 5-4 Plastics waste composition in the United States (percent by weight), for each material type and resin
code.

NOTE: EPS = expanded polystyrene (Styrofoam); HDPE = high-density polyethylene; LDPE = low-density
polyethylene; LLDPE = linear low-density polyethylene; PET = polyethylene terephthalate; PS = polystyrene; PVC
= polyvinyl chloride.

SOURCE: Milbrandt et al., 2024.

Milbrandt and colleagues (2022) also reported that about 86 percent of plastics was landfilled and
9 percent was combusted in the United States in 2019. Based on these data, the authors calculated the
total mass of plastics landfilled as 44 million tons, representing $2.3 billion in value and 3.4 Ej (exajoule)
of embodied energy (or 12 percent of the energy consumed by the industrial sector).

Since 2018, when EPA published its latest dataset regarding national waste generation and
management, several confounding events have occurred. First, China banned imports of recyclables with
its National Sword policy in 2018 (discussed further in later sections of this chapter). Nearly 3 million
metric tons of U.S. recyclables (largely plastics and mixed paper) that would have been exported to China
diverted elsewhere, often to landfills (Sigman and Strow, 2024) or to other countries, where they may
have been mismanaged (Taylor et al., 2024).

Additionally, beginning in early 2020, the COVID-19 pandemic had multiple effects on MSW
generation and recycling. As many people worked from home, waste from commercial businesses
decreased, while household waste increased markedly. Plastic wastes increased because personal
protection equipment (predominately gloves and masks) was discarded in large numbers. Take-out
packaging also increased, as fewer families ate at restaurants (Olawade et al., 2024). Finally, online
shopping grew to over 13 percent of U.S. commerce in 2020. E-commerce packaging can use up to 4.2
times the material of that used for brick-and-mortar packaging (Kim et al., 2022), including paper bills,
envelopes, cardboard, plastic bags, tape, protective bubble wrap, and Styrofoam. These factors have not
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been captured in national data yet. Estimates suggest increasing tonnages of plastic and reduced recycling
since the start of the pandemic (OECD, 2022). See Box 5-3 for innovative packaging choices meant to
increase recyclability.

BOX 5-3
Case Study: Navigating Recycling Challenges for Toothpaste Containers

Many toothpaste tubes are made from multilayered materials, including plastic and aluminum, which can
complicate the recycling process. Some manufacturers, including Colgate, have introduced recyclable tubes made
from high-density polyethylene. However, variability in municipal solid waste (MSW) recycling programs and
unclear labeling can make it difficult for consumers to determine whether and how these items can be recycled.

Research has shown that uncertainty about recycling guidelines often leads consumers to discard recyclable
materials in general waste (Schneller et al., 2023). Without consistent instructions or assurances that local
facilities can process such items, consumers may dispose of the entire toothpaste container rather than attempt to
separate recyclable components. Colgate’s “Recycle Me!” campaign aims to improve awareness about recyclable
packaging (Colgate-Palmolive, 2022).

In addition to consumer education on proper disposal practices, the successful diversion of toothpaste
containers from landfills depends on more uniform recycling systems.

SOURCES: Colgate-Palmolive, 2022; Schneller et al., 2023.

5.1.2 Paper and Cardboard

Keeping paper and cardboard out of landfills reduces greenhouse gas emissions. Paper and
cardboard waste is a general category that captures multiple types of wood-derived fibrous materials,
including newspapers, mechanical papers, directories, inserts, direct mail printing, and others. Almost
every curbside recycling program collect materials in this category.

Recycling paper and cardboard reduces the demand for tree harvesting and requires less water
and up to 40 percent less energy than production from virgin materials (Kumar, 2017). On the other hand,
producing paper and cardboard from virgin pulp allows manufacturers to make nonfossil biofuels for heat
and electricity, using pulp byproducts (bark, branches, and leaves).

Certain types of paper cannot currently be recycled, including napkins, tissues, paper towels,
toilet paper, waxed paper, receipts and sticky paper/notes (note, however, that some can be composted).
EPA (2024) reported that more than 67.4 million tons of paper and paperboard (cardboard) were
generated in 2018, and 68.2 percent was recycled, the highest product recycling rate measured. Estimates
of more recent recycling rates from the American Forest & Paper Association (2025) are similar, with
recycling of 65 to 69 percent of paper and 71 to 76 percent of cardboard. However, using a bottom-up
rather than a top-down methodology, Milbrandt and colleagues (2024) found that 56 percent of paper and
cardboard waste in the United States was landfilled, 6 percent combusted, and only 38 percent recycled.
The difference in estimates derives from a larger estimate of paper and cardboard generation in the study
by Milbrandt and colleagues than by EPA. Milbrandt and colleagues (2024) estimated that landfilled
paper and paperboard could have generated $4 billion in end markets and embodied 2,158 joules of
energy.

5.1.3 Metals
Metals in MSW are valuable commodities that are generally collected through curbside programs

and received at drop-off or buy back centers. Most scrap metal, however, is not part of MSW but instead
is generated from end-of-life vehicles and in various manufacturing facilities. EPA (2024) reported that
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25.6 million tons of metal waste (8.76 percent of MSW) were generated in 2018, of which 34 percent was
recycled. Metal waste collected from households is primarily ferrous (steel, cast iron, wrought iron,
carbon steel) (e.g., some food cans and small metal objects) and nonferrous (aluminum) (e.g., some
beverage and food cans). Approximately 50 percent of aluminum cans was recycled in 2022, although
this number has been higher in the past (The Aluminum Association, 2024). Metal can be recycled many
times, which makes it particularly suitable for the circular economy.' Environmental benefits of recycling
metals are numerous, including reduced energy requirements compared with metal ore processing and
extraction. Environmental benefits associated with avoided mining include reduced greenhouse gas,
water, and air emissions. Therefore, low recycling rates mean valuable materials are ending up in the
landfill.

5.1.4 Glass

Glass waste is commonly collected curbside and at drop-off centers. In 2018, 12.2 million tons of
glass waste were generated in the United States, representing 4.2 percent of MSW (EPA, 2024).
Approximately 3.1 million tons were recycled, representing 25 percent of generated glass waste; (a
percentage that has persisted for about 25 years) (EPA, 2020). Glass recycling benefits include savings on
raw materials (sand, soda ash, limestone, and feldspar), reduced energy use, and greenhouse gases
production (because of lower furnace temperature); additionally, in most cases, glass is 100 percent
recyclable (Glass Packaging Institute, 2024). Glass recycling is particularly successful in states with
deposit-return systems (see Chapter 4).

Despite these many benefits, glass presents challenges in single-stream collection programs.
Glass breaks during collection, and its inherent abrasive characteristics become problematic for other
commodities and for equipment (trucks and MRF conveyers). Broken glass is a significant problem when
collected alongside paper, adding cost to the paper recycling process. As the MRFs sort the glass pieces
(called “fines”) from the other recyclables, the result is a highly contaminated glass stream with rocks,
lids, and other small contaminants that are removed from the stream along with the broken glass. This
ultimately creates a low-value product requiring an expensive process before it can be remanufactured
into new glass bottles. The weight of glass compared with its value also limits transporting over long
distances to manufacturing facilities.

Consequently, according to a 2023 survey, 43 percent of curbside collection programs no longer
accept glass (Glass Recycling Coalition, 2024). One area of increased use for glass waste is in
construction, including concrete aggregates, geotechnical applications, tile and brick manufacturing, and
water filtration (Kazmi et al., 2019); this may be especially relevant for projects located near MRFs that
process glass. In many cases, glass waste leaving MRFs is too contaminated to reuse and is diverted to
landfills, where it is used as “alternative daily cover” (i.e., non-earthen material placed on the surface of
an active MSW landfill at the end of the day) (NERC, 2023).

5.1.5 Food Waste and Yard Waste

EPA (2024) reported that in 2018, 21.6 percent of MSW (63.1 million tons) was food waste and
12.1 percent (35.4 million tons) was yard trimmings. Approximately 4.1 percent of food waste was
composted (2.6 million tons), down from 6.3 percent in 2017. EPA (2024) analyzed information from
state composting programs to calculate the composting of yard trimmings. This analysis resulted in an
estimate of 22.3 million tons of yard trimmings composted or wood waste mulched in 2018 with a 63
percent composting rate. Badgett and Milbrandt (2021), however, calculated that 75 percent of food and
yard waste was landfilled and 18 percent combusted.

! Note that for aluminum recycling, each cycle may result in relatively small net losses of material induced through
mill operations (as residual slag) and oxidation during the recycling process. See
https://www.aluminum.org/Recycling (accessed May 25, 2025).
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Food waste has the highest methane generation potential of all wastes landfilled. This fact,
coupled with the high degradation rate of food waste and the typical delay in formal gas collection from
landfills, means that most, if not all, of the methane potential in food waste is generated prior to collection
of landfill gas (Amini and Reinhart, 2011).

Beyond the impact landfilled food waste has on the environment, the social implications of food
wasted (at the retail level) and lost (during harvesting, storage, or transport) on a global scale mean that
24 percent of the world’s calories go uneaten (Goodwin, 2023). Also lost are the land, fertilizer, water,
and energy used to generate uneaten food. Regulations at the federal, state, and local levels have tried to
prevent food waste through more accurate date labeling; rescue of food for the hungry through food safety
and liability protection; and diversion from landfills through animal feeding, organic waste bans, and
mandatory recycling policies.

Food and yard wastes can be composted, digested, or converted into biofuel. Kiran and
colleagues (2014) estimated that 1.32 x 10° m*/year of methane could be produced globally from food
waste, which would generate some 2.6 x 107 joules of energy. Today, composting is the most common
alternative to landfilling for food and yard waste, but interest is growing in anaerobic digestion of organic
waste, which produces biogas and digestate that can be used as a soil amendment. Badgett and Milbrandt
(2021) reported that 283 anaerobic digestion facilities, or digesters, in the United States are processing
food waste, including 82 located at wastewater treatment plants and 68 at livestock facilities.

One of the impediments to recovery of food wastes is the difficulty and cost associated with its
collection. Many communities that have banned food waste from landfills have created drop-off locations
(e.g., New York City) or added collection routes for separated food waste, or allow food waste to be
collected along with other green waste. Additional collection routes increase the number of trucks on the
road, along with tailpipe emissions, increased accident risks, and cost. However, these disadvantages are
offset by reduced landfill gas emissions and potential sale of biogas generated by food waste treatment. A
recent study of the impact of adding a food waste collection line (beyond garbage, recyclables, and
recyclables) found that food waste diversion reduces the global warming potential of waste collection
significantly at a relatively low cost (Reinhart et al., 2023). Furthermore, separation of food waste may
decrease the contamination of recyclables, which can have significant advantages for reducing cost and
global warming potentials.

5.2 DEMAND FOR RECYCLABLE MATERIALS: END MARKETS

Sales of recyclable commodities in end markets provide revenues that reduce the expense of
recycling for local governments and private parties. Commodity revenues can cover a substantial share of
the costs of processing recyclables (see Chapter 4). Ideally, recycled commodity prices would be high and
steady enough to contribute reliable revenue toward supporting the recycling system. However, the effect
of end markets is not exclusively financial, because end uses determine much of the environmental
benefit of recycling. Recycling is more likely to improve environmental quality when secondary materials
successfully substitute for extraction or production of environmentally damaging primary materials and
when these recycled materials can be incorporated into new products without themselves requiring
resource-intensive processing. Thus, end markets and programs to support them should be assessed not
just in terms of revenue but also in terms of environmental attributes.

Table 5-4 provides summary information about common, current end uses for materials in the
United States and Canada. The prices represent the average sales prices of each material after it has been
sorted at a MRF in the U.S. Northeast and Canadian Maritime provinces. The price ranges reflect
variation in values of the average prices by week for the first half of 2024. Only for some materials do
these end markets meet the goals for supporting the recycling system: high prices, steady prices, and
environmentally favorable replacements for extraction of primary materials.
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TABLE 5-4 End Uses and Prices for Recycled Commodities

Waste Price per Ton’ (Jan—July 2024) Typical End Uses®®
Steel cans $155-$210 Many steel products
Aluminum cans $1,210-$1,550 Aluminum cans, industrial aluminum sheet
Glass bottles (color separated) $10-$58 Glass bottles
Glass bottles (mixed) Fiberglass, asphalt, other aggregates,
landfill cover
Corrugated cardboard $93-$110 Corrugated cardboard
Other cardboard Cardboard
Mixed paper $48-$68 Cardboard, some other paper grades
Plastics:
PET bottles $250-$360 Fiber (e.g., carpet, clothing), bottles (31%)
PET clamshells Fiber
Uncolored HDPE bottles $610-$770 Nonfood-contact HDPE bottles
Colored HDPE $370-$540 Nonpackaging plastics (e.g., pipes)
Polypropylene packaging Durable plastics
Plastic film Plastic lumber
Flexible plastic packaging None

NOTES: HDPE = high-density polyethylene; PET = polyethylene terephthalate. Prices ranges are for a recent 6-
month period. A longer time series is shown in Figure 5-3 below.

“Data from wv.gov based on recycle.net data.

b Miller, 2024.

¢PET bottle reuse: Brian Staley in presentation to committee, June 11, 2024.

As Table 5-4 reports, prices per ton vary greatly across recycled commodities. Materials that are
good substitutes for valuable primary materials, such as metals and corrugated cardboard, typically
maintain high prices. However, many materials do not easily substitute for primary materials. For
example, dyes are often added to color high-density polyethylene (HDPE) and glass bottles, making the
postconsumer material suitable only for uses that are not sensitive to the color of the material. And, for
another example, reprocessing strips some plastics and paper of desirable chemical or physical properties,
restricting the number of times they can be recycled or requiring they be reused only when mixed with
primary materials (Basushi et al., 2023). Thus, improved markets for many materials will require either
invention of new technologies or vastly improved sorting processes. Federal research funding could help
address this important weakness in the recycling system by supporting development of these new
technologies. Pointing to the importance of end markets, Bradshaw and colleagues (2025) conclude that
“large MRFs also demonstrate success finding markets for a variety of plastics and gain significant
revenue from plastics compared to smaller MRFs” (p. 326).

Competition with low-price virgin materials in end markets creates a challenge for recyclables.
Virgin materials prices are often lower than the full social costs of producing these materials—both
because of the environmental impacts of mining and other raw material production, and because of
subsidies for energy production that lower the cost of feedstocks for virgin plastic manufacture. With low
prices for virgin materials, manufacturers have limited incentives to use recycled materials in their
production. Virgin plastic has become especially cheap in recent years because of fracking in the
production of petrochemicals, and because of low-cost imports from China. For 2023-2024, Figure 5-3
shows prices for food-grade recycled polyethylene terephthalate (PET) and a similar grade of virgin PET.
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It demonstrates that the recycled resin price is consistently higher than the virgin resin price over time,
which limits demand for recycled products.”

Recycled PET food-grade PET bottle grade
1700 ($/mt) - pellets FOB Los Angeles == pellets DDP W.Coast

1600
1500
1400
1300

1200 vV
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FIGURE 5-5 Virgin and recycled plastic prices in 2023 and 2024.

NOTES: The recycled price is free on board or freight on board (FOB), meaning that the buyer may be responsible
for delivery and related costs. The virgin price is delivered duty paid (DDP), meaning that the seller pays those
costs. Because of this distinction, the figure may understate the true price gap. Mt = metric ton; PET = polyethylene
terephthalate.

SOURCE: Platts, part of S&P Global Commodity Insights, 2024.

Volatile prices present another challenge. Price volatility creates stress on local governments that
finance most recycling, and it creates fragility in the recycling system because investments are risky. In
the history of prices for several commodities, shown in Figure 5-6, prices commonly double or triple and
then fall back again on a year-to-year basis. Recycled commodity prices are substantially more volatile
than other commodity prices (Moore et al., 2022; Timpane, 2024).

Several features of markets for recycled commodities may explain this price volatility. First,
supply of recycled materials is insensitive to price (“price inelastic”). Households do not receive any
compensation for recycled materials, so the amount they send to MRFs and other processors is unrelated
to the value of the material. MRFs may be contractually obligated to process recyclable material and
attempt to sell it regardless of whether they expect to cover their costs in doing so. With this price-
inelastic supply, fluctuations in demand for the material translate into large price swings. In addition, in
many recycling markets, demand for the materials is driven largely by the prices of the primary
commodities for which they substitute, and these primary materials prices themselves are volatile. In the
United States, plastics derive from natural gas and from feedstocks from natural gas processing and crude
oil refining (EPA, 2024), resulting in prices that vary with energy market conditions. They are also
subject to other global production shocks, such as a recent surge in low-cost imports of virgin PET from
China (Staub, 2024). Finally, volatility in these prices relates to the fact that prices are low, because small
absolute changes in value can create large percentage price swings. Many of these prices can be very low:
mixed paper prices were below zero in 2019 but rebounded dramatically by 2021 with the development of
new domestic paper mills (NERC, 2021). These factors are fundamental features of these markets;
recycling policies must manage volatility but cannot eliminate it.

2 That these price lines track each other is not a coincidence. If the virgin material price were to fall, for example,
then demand would shift toward virgin material and away from recycled material, which would reduce the price of
recycled material along with the reduced price of virgin material.
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FIGURE 5-6 Historical recycled commodity prices.
NOTES: Prices adjusted by the Consumer Price Index. OCC = old corrugated cardboard; ONP = old newspaper;
UBC = used beverage container.
SOURCE: EPA, 2020.

5.2.1 Evaluating End Uses

When a recycled commodity is a close substitute for the primary material, their prices are similar,
and the recycled commodity’s price reflects the private costs avoided when 1 ton of the recycled material
replaces 1 ton of the primary material. These savings may include savings in labor and energy inputs in
addition to mineral or other raw material values. They also include costs of environmental controls on
production of the primary material, so tightening environmental regulations on primary production will be
reflected in higher prices for the recycled material.

For some materials, the private sector saves a lot less using recycled commodities. For example,
the mixed-color glass cullet that results from MRF-sorted curbside glass recycling often contains a high
level of contamination (bottle caps, rocks, and other small “fines™).’ It is expensive for glass processors to
make into usable feedstocks for manufacturing. When it is spread over landfills as alternative daily cover,
it only avoids the use of some other low-cost material, such as soil, or even another form of waste, such as
construction debris (NERC, 2023).

However, end uses may have social benefits not captured in these commodity prices. Primary
resource extraction and production generates pollution and other environmental degradation. For
example, additional recycling of paper can reduce timber harvesting and thus promote forest carbon
sequestration (Lorang et al., 2023). Thus, policymakers also need to consider non-monetized effects of
substitution for primary materials.

Recyclable material types differ radically in their value when analyses include both the private
values reflected by their prices and the avoided environmental damages. For example, recycling

3 Because the value of glass is low, it is rarely worthwhile for MRFs to invest in glass-sorting technology.
Secondary-glass processing facilities have optical sorters to separate the colors of glass, but the cost of extracting the
rocks and bottle caps is very high, especially considering the low end-market value of glass.
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aluminum saves valuable energy, and material resources and thus has social benefits that greatly exceed
the benefits of avoiding the use of landfill space. However, given current market opportunities and
technologies, recycling glass provides much more limited benefits. Thus, focusing on the weight-based
average recycling rates as a policy goal is insufficient and does not reflect the heterogeneity in benefits of
recycling for different materials.

In addition, “closed-loop” recycling, or returning a material to its original use, is not always the
best target. When recycled materials are used to create another product, or “open-loop” recycling, the
result is sometimes called “down-cycling.” However, neither open-loop nor down-cycling are always
inferior to closed-loop recycling in terms of either the avoided use of primary material or the
environmental consequences. Geyer and colleagues (2016) demonstrate that closed-loop recycling may
increase rather than decrease materials use when the virgin and recycled materials are not good substitutes
for each other. Virgin and recycled fiber may instead be complements in paper production, increasing the
recyclability of the resulting product (Mondi, 2024).

Allaway (2024) provided examples of how closed-loop recycling can raise resources costs
relative to open-loop processes in the context of glass and plastic recycling. First, grinding recycled glass
bottles into a fine powder and using it as pozzolan (open-loop recycling), has far less environmental
impact than using the glass in new bottles (closed-loop recycling). In the closed-loop process, the
recycled glass displaces virgin silica, which reduces energy needs and does have some environmental
benefit relative to use of virgin material. However, in the open-loop process, the recycled material
(pozzolan) substitutes for cement and thus reduces the substantial greenhouse gas emissions from cement
production, thereby providing a greater environmental benefit. In addition, no heating is required to melt
the recycled glass cullet when it is used in pozzolan, making the open-loop process more energy efficient
than the closed-loop process. A second example concerns plastics recycling. Recycling HDPE packaging
into packaging (closed-loop) or pipes (open-loop) both offset the need for virgin HDPE (Allaway, 2024).
But preparing scrap for reuse in packaging requires more processing to meet safety standards and thus has
higher market and environmental costs.

Additionally, closed-loop recycling does not always offset an equivalent amount of virgin resin.
For engineering reasons, some products require more plastic if they are made from postconsumer plastic
than from virgin plastic. In those cases, the increased material use diminishes the environmental benefits
of using recycled resin. For more on closed- and open-loop recycling, see Box 5-4.

5.2.2 New Technologies

Technological change in end uses may present new opportunities and change future priorities.
Figure 5-7 reports the counts of patents for recycling of various materials (the count of patents is
commonly used as a metric for innovative activity). These patent counts are for all countries in the
Organisation for Economic Co-operation and Development (OECD), but data for the United States alone
show the same patterns. Plastic recycling has the most innovative activity and has experienced a boom
starting in 2018; a similar, and perhaps related, increase appears in patenting for recycling and reuse of
packaging beginning in 2017. The increased patenting activity may have been driven in part by market
pressures: the decline in exports markets for postconsumer plastics after the Chinese import ban in 2017
may have spurred developed countries to focus their efforts on creating end uses for these materials.
However, the timing of the patenting increases also coincides with greater attention to global harms from
plastics, including from microplastics, marine debris, and exposure in lower-income countries.

After plastics and packaging, the next most active area for patenting is paper recycling, but it has
not experienced a rapid recent increase. Notwithstanding occasional progress (e.g., Andini et al., 2024),
textile recycling has received little innovative attention, and the current deficit of opportunities for
recycling textiles seems likely to continue. However, the wave of innovation for plastic and packaging
recycling visible in the figure may bring expanded end-use opportunities within a few years. The next
section discusses advanced methods for plastics recycling, which may account for some of the surge in
innovative activity seen in the patent data.

Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27978?s=z1120

Municipal Solid Waste Recycling in the United States: Analysis of Current and Alternative Approaches

114 Municipal Solid Waste Recycling in the United States

BOX 5-4
Closed- and Open-Loop Recycling

Closed-loop recycling is a manufacturing process that leverages the recycling and reuse of postconsumer
products to supply the material used to create a new version of the same product.

In a closed-loop recycling system, products are designed in a way that benefits the overall supply chain,
emphasizing universal collection and recovery, ease of remanufacturing, and economic feasibility.

Prime examples of closed-loop recycling products include glass used for bottles and jars, aluminum and steel
used for cans and other metal products, and a very limited number of plastics. Glass® and aluminum® are near
infinitely recyclable with no degradation of quality, making them valuable to the loop (Deer, 2021; Roadrunner,
n.d.). In fact, about 75 percent¢ of all aluminum ever produced is still in use today. Unfortunately, only 2% of
global plastic production is reused for the same or similar products (TOMRA, n.d.).

Closed-loop differs from the far more widespread and achievable concept of open-loop recycling, which does
not depend on the output of the process. In this system, the end of the product life cycle can take multiple routes:
recycled as raw material for new, yet inferior, products or rejected as waste. For an example of policymakers
prioritizing closed loop systems, see National League of Cities (2021).

In a sense, an open-loop system can be semi-circular® or nearly linear depending on how much is recycled
(Bell, 2020). When products are recycled in an open-loop system, the new items produced are of a lesser value
than the original product—a process known as down-cycling.

Cardboard and paper (which can be recycled five to seven times before unrecoverable loss in quality), many
plastics, and in some cases, food waste lack the structural advantages of aluminum and cardboard, making them
better suited for open-loop recycling. Examples are countless: polyethylene terephthalate (PET) plastics become
fleeces and carpets, and cardboard returns as cereal boxes and paper towels.

4 See https://www.roadrunnerwm.com/blog/why-is-glass-recycling-going-away.
b See https://www.roadrunnerwm.com/commingled-recycling.

¢ See https://www.aluminum.org/Recycling.

 See https://www.tomra.com.

¢ See https://www.roadrunnerwm.com/blog/circular-economy.
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FIGURE 5-7 Patents for recycling by material in countries in the Organisation for Economic Co-operation and
Development, 2000-2022.

SOURCE: Data from OECD, 2025, patent statistics on environment-related technologies. See https://data-
explorer.oecd.org.
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5.2.3 Mechanical and Chemical Recycling Technologies

Recycling technologies are generally categorized by mechanical or chemical processes.
Mechanical recycling processes are used in virtually all types of materials collected for recycling,
whereas chemical recycling is associated only with plastics. It is a particular focus as a potential solution
for flexible film plastics and post-use plastic food packaging, which are difficult to recycle into closed-
loop products (e.g., food packaging).

TABLE 5-5 Key Definitions of Recycling Technologies

Recycling
Technology Definition Key Examples
Mechanical Physically reprocessing materials without Paper mills that use water and heat to make
Recycling altering their chemical structure, enabling new paper products; aluminum smelters and
repeated recycling within a closed-loop steel plants that use shredders and high heat to
system. recycle metals; glass manufacturing plants
that crush and melt glass into liquid form for
new bottles; plastics facilities that melt
recyclable feedstock for manufacture into new
products.
Chemical Breaking down plastic polymers into their Purification: molding recycled polypropylene
Recycling original monomers, which can then be into food containers and automotive parts.

repolymerized into new plastic products. A Depolymerization: converting polyethylene

common way of grouping chemical recycling terephthalate (PET) into monomers used to

technologies is purification, create new PET bottles and textiles, matching

depolymerization, and conversion. the quality of virgin materials. Conversion:
transforming mixed plastic into synthetic
fuels and naphtha, which serve as chemical
feedstocks for new plastic production or fuel
alternatives.

Differences Between Mechanical and Chemical Recycling

The primary way chemical recycling differs from mechanical recycling is that mechanical
recycling preserves the original polymer structure, while chemical recycling breaks polymers down into
their molecular constituents (however, these processes can be resin specific). Chemical recycling is more
expensive than mechanical recycling processes, operates at higher temperatures, is less energy efficient,
and is available at a smaller scale today. Because mechanical recycling is better established and requires
fewer steps, it tends to be cheaper and more energy efficient. Thus, most recyclables will be processed
using mechanical recyclers where possible, with the more expensive chemical recycling use for those
types of feedstocks that cannot be recycled via mechanical technologies (e.g., flexible film plastic).

Chemical recycling technologies can create building blocks for new resins that will have the
quality of virgin resin. While studies have shown chemical recycling to have a lower carbon footprint
than virgin processes, they are more energy intensive and have a higher carbon footprint than mechanical
processes.

Conversion processes often require the use of mass balance accounting because not all output is
reprocessed into polymers. Some outputs may be used in other applications, such as fuels or base
chemicals. Under certain certification programs and policy frameworks, these processes may still qualify
as recycling when properly documented and linked to plastic waste feedstocks.
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Policies Around Chemical Recycling

Chemical recycling legislation reclassifies advanced recycling facilities as manufacturing plants,
rather than as facilities that handle solid waste (see Figure 5-8). Many state laws, such as those in West
Virginia and Mississippi, permit the products of advanced recycling to be “returned to economic utility,”
but they often lack specificity regarding what qualifies as recycled material. Conversely, states such as
Arkansas and Kentucky do not recognize fuel production from plastics as recycling, necessitating a
nuanced approach to mass balance accounting. Given the potential of chemical recycling to address
complex plastic waste streams, states may foreclose desirable uses from recycling with outright bans on
these technologies. Instead, states would benefit from regulatory frameworks that ensure transparency,
environmental integrity, and economic viability of novel recycling methods. This approach can enable
chemical recycling to complement mechanical recycling in achieving broader sustainability goals.

Which States Regulate Advanced Recycling?

B state already has law in effect B Legislation enacted in 2023

Source: MultiState. Data as of 10/3/23. M

FIGURE 5-8 Legislation related to chemical recycling.
SOURCE: Crawley, 2023, see https://www.multistate.us/insider/2023/11/1/state-legislators-work-to-address-
plastics-via-advanced-recycling.
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5.3 GLOBAL, REGIONAL AND LOCAL RECYCLING MARKETS

Recyclables are commodities that flow to markets with the highest value. U.S. trade laws
generally allow shipment of commodities across the globe to these markets based on the economics
associated with these transactions.

5.3.1 Global Markets for Recyclables

While the United States does not limit the export and import of nonhazardous waste, trade is
subject to the applicable laws and regulations in the country or counties that control the receipt of waste
and recyclables, as well as applicable international agreements. In 2021, most plastic scrap was added to
the Basel Convention, which regulates international movement of hazardous wastes (EPA, 2021).

Packaging is needed where products are produced. From the 1980s through the early 2010s,
China’s economy grew and became a primary source of products in the global economy. As its finished-
product exports grew, China imported more recyclable materials to use in the production of their products
and packages.

China’s appetite for feedstock to make new products and packages grew during a time when the
United States was collecting more material for recycling. As China’s production of low-cost goods
increased, U.S. production shifted to a reliance on products made in China and other developing
countries. This development reduced demand for packaging, and the increasing costs of environmental
controls and labor resulted in increased costs for U.S. domestic manufacturing companies and a
corresponding increase in exports of recyclables to China.

In the 1990s and early 2000s, China purchased increasing volumes of recycled paper and plastic
from across the globe to feed its growing economy. Its low-cost labor and mill production (with few
environmental controls) led to a massive shift in the production of goods and packaging worldwide. In
China, imported recycled plastics were turned into flakes or pellets to be repurposed by plastic
manufacturers. This practice was made profitable by favorable shipping rates—in cargo vessels that
carried Chinese consumer goods abroad and would otherwise return to China empty—coupled with the
country’s low labor costs and high demand for recycled materials.

Operation Green Fence

The reliance on China and its insatiable appetite for recycled feedstock began to change in 2010
with China’s preparation for the 2012 Olympics and with the growth of internet communication about the
harms of China’s pollution. Photos and videos were commonly shared showing plastic-filled rivers and
ditches, and neighborhoods filled with smoke from plastic and paper mills. China’s air and water
pollution became global news at a time when it hoped to attract positive global attention.

As domestic press and global visibility into China’s “pollution problem” grew, Chinese
authorities began their first of several constrictions on imports—called “Operation Green Fence”—
starting with plastics in 2013. These restrictions banned many types of plastics from being imported into
the country. Operation Green Fence was a wake-up call for the U.S. recycling industry. As demand for
recycled materials continued to increase in the United States, demand for recycled plastics previously
shipped to China came to a halt. Some plastic in the United States was warehoused until end markets
could be found, but anecdotal evidence indicates that most low-quality plastic (resin codes 3—7) was
ultimately landfilled.

The change in Chinese policy was a precursor to subsequent restrictions and may have begun a
shift to more investments in domestic U.S. solutions for materials previously exported across the globe.
Research suggests that the policy’s effect on overall waste trade was limited at first, causing a temporary
decline in exports to China but not otherwise altering patterns on international trade in waste (Balkevicius
et al., 2020).
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National Sword Policy

In July 2017, China informed the World Trade Organization of its intent to ban imports of all
recycled plastic and mixed paper, effective January 2018. The policy, part of a broader crackdown on
imports called the “National Sword,” was an effort to halt a deluge of soiled and contaminated materials
that was overwhelming Chinese processing facilities and leaving the country with yet another
environmental problem (Katz, 2019).

Because China was handling nearly half of the world’s recyclables at this point (primarily paper
and plastic), the Chinese ban had a dramatic effect on global markets. Before the ban, 75 percent of U.S.
recycled plastics was exported, with 40 percent going to China (Sigman and Strow, 2024). Europe
exported 46 percent of its recycled plastic, even as the phase-in of the Chinese ban began in 2017
(Bishop, 2020). U.S. exports to China in the waste categories covered by the ban fell from 2.9 million
metric tons in 2016 to only 135,000 metric tons in 2018. Some exports diverted to other international
buyers, such as Vietnam and India, but these countries also began to implement their own restrictions on
imports through their ports (Resource Recycling, 2022).

The loss of the Chinese markets had profound effects on U.S. waste management and on the
environmental effects of trade in recyclables. Landfilled waste rose in the states most affected by the ban;
the ban also seemed to undermine local recycling systems and led to reductions in employment in MRFs
(Sigman and Strow, 2024). Taylor and colleagues (2024) found that other countries experiencing the
largest increases in recycled plastic imports following the Chinese ban also experienced increases in
plastic bottle litter.

Basel Convention and International Trade in Recyclable Scrap and Waste

The Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and
their Disposal (Basel Convention) was adopted in 1989 and came into force in 1992. It is the most
significant multilateral treaty governing the movement of hazardous waste, solid waste, and scrap for
recovery and disposal internationally (UNEP, 2011). Currently, 187 countries are ratified members of the
Basel Convention. The United States was an original signatory to the Basel Convention in 1989 but never
ratified the agreement and is not a current member of the Convention.

The Basel Convention establishes rules and regulations for international shipments of all
hazardous waste and solid waste for reuse, recovery, and disposal. It thus has important impacts on
international markets for recyclable materials members and nonmembers alike. A notable feature of the
Basel Convention is that member nations are prohibited from trading scrap and waste with nonmember
nations if it is classified as having hazardous characteristics (UNEP, 2011). This rule has the potential to
severely limit the markets available for the United States to export recyclable materials that are classified
in categories deemed to have hazardous characteristics.

A significant example involves trade in plastic waste. Beginning in January 2021, provisions in
the Basel Convention reclassified plastic scrap and waste from a single category that was previously
freely traded to two new categories that are now subject to Basel Convention trade restrictions (even
plastics that are not hazardous). The first new category covers mixed-plastic scrap and waste, plastic
waste mixed with other forms of scrap, and plastic waste that is contaminated (e.g., with food or other
nonhazardous substances). The second new category covers plastic scrap and waste that the Basel
Convention classifies as hazardous waste. Both categories now require prior notice and consent, which
means an importing country must accept in writing any shipment before it leaves the port of the exporting
country. The Basel Convention plastics amendments significantly reduced international trade in plastics.
For example, Ishimura and colleagues (2024) found that the Convention reduced plastic waste trade
volume from developed to developing countries by 64 percent.

Importantly, the Basel Convention contains a provision that its members are not permitted to
trade Basel-controlled plastic scrap and waste with nonmember countries except under the terms of an
agreement or arrangement provided for by Article 11 of the Convention (Department of State, 2025).
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Thus, for the 187 Basel member countries, plastic scrap and waste that was uncontrolled prior to January
2021 cannot be traded with the United States unless a separate agreement is negotiated. The United States
has negotiated separate agreements for importing and exporting hazardous waste with five countries:
Canada, Mexico, Costa Rica, Malaysia, and the Philippines.

The United States and Canada first established a bilateral agreement in 1986 to address the
movement of hazardous and municipal waste for recycling and disposal between the two countries. In
2020, they developed an additional agreement regarding the transboundary shipments of nonhazardous
scrap and waste products, including nonhazardous plastic scrap and waste. These shipments are not
subject to prior notice-and-consent rules as long as the movement of the material is only between the two
countries and is being sent to locations following environmentally sound practices (EPA, 2018). The U.S.
agreement with Mexico was also established in 1986 and allows for the movement of hazardous waste
from Mexico to the United States for the purposes of recycling or disposal, but it only allows for
hazardous wastes to be shipped from the United States to Mexico for the purposes of recycling. The
United States also has bilateral agreements with Costa Rica, the Philippines, and Malaysia stipulating that
wastes may be exported from those countries to the United States for recycling or disposal, but the United
States may not export waste to any of them.

In addition to those five bilateral agreements, the United States is a member of OECD and is thus
subject to the Council on the Control of Transboundary Movements of Wastes Destined for Recovery
Operations, as well as OECD’s plastic waste amendments effective January 2021. These amendments
grant OECD member countries the right to govern nonhazardous plastic waste trade according to their
own national and international laws. Given that most OECD member countries are also members of the
Basel Convention, most have adopted the new Basel Convention restrictions on plastic waste.*

U.S. Trade in Recyclable Waste and Scrap Material

Recyclable scrap and waste materials operate in interconnected global commodity markets. From
2012 to 2023, the world traded more than 776 million metric tons of scrap and waste glass, paper, plastic,
and aluminum across international borders.” Of the four commodities traded internationally in Figure 5-9,
scrap and waste from paper and paperboard products are the largest by weight. Prior to 2018, plastic scrap
and waste was the second-largest recyclable commodity of the four (UN Comtrade, n.d.). But after
China’s National Sword policy was implemented in 2018 and plastics were reclassified under the Basel
Convention in 2021, plastic scrap and waste trade has fallen off dramatically, from 15 million metric tons
in 2012 to 4 million metric tons in 2023 (UN Comtrade, n.d.). This trend could continue with more
countries restricting imports of plastic scrap and waste. In January of 2025, Thailand will completely ban
the imports of plastic scrap and waste (Igini, 2023).

Trade in scrap and waste glass and aluminum has remained fairly steady over this period, with
minor increases from 2012 to 2023 (UN Comtrade, n.d.). The United States has been, and remains, a large
player in all four scrap and waste commodity markets internationally. Of total world trade in 2023, the
United States was either an importer or exporter of 4 percent of glass traded, 50 percent of paper and
paperboard traded, 27 percent of aluminum traded, and 22 percent of plastics traded (UN Comtrade, n.d.).
However, as demonstrated in Figures 5-10 through 5-12, the United States has been a net exporter of
scrap paper and aluminum for the past decade but a net importer of glass from 2012 to 2023.

The biggest changes have been observed in plastic scrap and waste trade. Figure 5-12 shows that,
from 2012 to 2023, the United States has gone from being a net exporter (1.69 million metric tons per

4 For specific rules for each OECD member country, see https://www.oecd.org/en/data/tools/transboundary-
movements-of-waste.html.

5 Data are from the United Nations Comtrade database at https://comtradeplus.un.org. These data are for the 4-digit
harmonized system (HS) classifications of waste, pairings, and scrap for plastics (HS 3915); scrap and waste of
paper and paperboard (HS 4707); glass cullet and other scrap and waste of glass (HS 7001); and aluminum scrap and
waste (HS 7602).
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year) to being a net importer (15,000 metric tons per year) of plastic scrap and waste (UN Comtrade,
n.d.). This dramatic decline follows the general worldwide trend for scrap and waste plastics, shown in
Figure 5-12.
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FIGURE 5-9 Recyclable waste and scrap materials (four types) traded worldwide, in thousands of metric tons,
2012-2023.

NOTE: HS = harmonized system.

SOURCE: Data from UN Comtrade database at https://comtradeplus.un.org.
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FIGURE 5-10 U.S. waste and scrap paperboard imports and exports, in thousands of metric tons, 2012-2023.
NOTE: HS = harmonized system.
SOURCE: Data from UN Comtrade database at https://comtradeplus.un.org.

Importantly, much of the reversal in the U.S. trade surplus in plastic scrap has been driven by
changes in trade with non-OECD nations. Figure 5-13 shows that U.S. exports of plastic scrap to OECD
countries remained relatively stable, but exports to non-OECD countries, such as China, Thailand, and
Malaysia, began to decline rapidly around 2017 (UN Comtrade, n.d.). During the same time, imports of
plastic scrap from non-OECD countries (Figure 5-14) has been increasing, even though imports from
OECD nations have remained fairly stable. U.S. imports of plastic scrap and waste from non-OECD
countries increased 235 percent over 2012—2023, from 40.5 thousand metric tons in 2012 to 1.35 million
metric tons in 2023 (UN Comtrade, n.d.).
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FIGURE 5-11 U.S. waste and scrap aluminum imports and exports, in thousands of metric tons, 2012-2023.
NOTE: HS = harmonized system.
SOURCE: Data from UN Comtrade database at https://comtradeplus.un.org.
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FIGURE 5-12 U.S. waste and scrap plastics imports and exports, in thousands of metric tons, 2012-2023.
NOTE: HS = harmonized system.
Data from UN Comtrade database at https://comtradeplus.un.org.

Shifting Trade in a World after China Sword and Basel Convention

As a result of both the Basel Convention and China’s National Sword policy, the United States
and other countries have increased their focus on developing domestic markets for plastics collected for
recycling. Ultimately, China’s policy spurred increases in recycled paper capacity in North America, with
over 25 new recycled paper mill projects completed since the National Sword policy was implemented
(NERC, 2024). After decades of shuttering paper mills as production moved overseas to developing
countries, starting in 2018, the United States saw commitments for new domestic paper mill capacity and
plastic recycling infrastructure. In 2024, significant new capacity for paper mills producing cardboard
from recycled feedstock has come online, and domestic markets for plastics have sufficiently replaced
capacity to handle the quantity previously exported. These changes have contributed to a rebound in the
price for postconsumer paper, which decreased in the immediate wake of the 2018 restrictions but has
now surpassed pre-2018 prices.
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FIGURE 5-13 U.S. exports of plastic waste and scrap to OECD versus non-OECD countries, in thousands of metric
tons, 2012-2023.

NOTE: OECD = Organisation for Economic Co-operation and Development.

SOURCE: Data from UN Comtrade database at https://comtradeplus.un.org.
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FIGURE 5-14 U.S. imports of plastic waste and scrap to OECD versus non-OECD countries, in thousands of metric
tons, 2012-2023.

NOTE: OECD = Organisation for Economic Co-operation and Development.

SOURCE: Data from UN Comtrade database at https://comtradeplus.un.org.

The Role of the Global Marketplace

Although the amount of paper and plastic recycled domestically has grown since the 2010 peak in
exports of recyclables, the global marketplace plays an important role in creating balance between supply
and demand. When demand (and prices) are low because of seasonality or changing economics, the
export market tends to help keep material moving. Even when domestic demand is high, the availability
of international trade partners helps keep markets competitive, ensuring that domestic purchasers such as
mills do not develop too much power over prices. These relationships can help stabilize prices for metals,
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paper, and some plastics and ensure that those materials obtain higher-valued uses than a domestic market
alone might provide.

However, international trade in recyclable materials may raise environmental concerns that stem
from the possibility of a “waste haven” effect, in which waste management and possibly recycling tend to
occur in jurisdictions that provide fewer environmental protections (Kellenberg, 2012). Taylor and
colleagues (2024) found that increases in a country’s plastic imports increase plastic bottle litter, with the
increase concentrated in countries that mismanage their plastic waste.

Virgin Plastic Imports

The production of virgin resin has surged globally in recent years, resulting in an oversupply that
drives down the cost of virgin plastic on the market (Plastics Europe, 2021). This oversupply has led to
substantial imports of low-cost virgin resin into the United States, creating significant challenges for
recycled plastic markets. With virgin resin prices frequently undercutting the cost of producing
postconsumer resin, the financial sustainability of recycling is at risk as those operations struggle to
compete against inexpensive, newly manufactured plastic (Chowdhury et al., 2022).

This influx of low-priced virgin plastics not only affects the competitiveness of recycling
operations but also has broad implications for sustainability goals. Manufacturers’ preference for cheaper,
imported virgin resin reduces demand for recycled materials, complicating efforts to close the recycling
loop and establish a circular economy (Ellen MacArthur Foundation, 2020; UNEP, 2021). This trend
underscores the need for supportive policies and industry incentives that prioritize recycled content
(European Commission, 2020).

5.3.2 Regional and Local Markets

The desire to develop local and regional markets for recyclables dates back to early recycling
programs in the United States. These programs arose from a growing recognition that effective
management of sustainable recycling systems requires robust, consistent demand for recyclable materials
within close proximity to collection centers. Developing regional markets can help minimize
transportation costs, stimulate local economies, and provide greater resilience in managing material
streams that can be vulnerable to fluctuations in international markets.

Early Market Development Efforts in the 1990s

In the 1990s, as local recycling programs grew in number, several states took it upon themselves
to support efforts to develop local or regional markets for recyclables. Specific recycling market
development programs were created in New York, New Jersey, North Carolina, and Washington State.
North Carolina’s Department of Environmental Quality (n.d.) issued grants through its Recycling
Business Development Grant Program to support the state’s recycling businesses and promote material
recovery and end-use development. Washington established the Clean Washington Center, housed in its
Department of Commerce.

EPA (1995) followed in states’ footsteps, publishing Recycling Means Business, which outlined a
market development strategy. The program included funding for state recycling and reuse business centers,
economic development advocates, and the establishment of recyclable commodities trading systems.

Renewed Market Development Efforts in 2018
Efforts to maintain investments in domestic end markets continued but slowed during the 2000s
because of financial constraints, political factors, and other limitations. However, in response to China’s

National Sword policy, state policy initiatives related to recycling market development regained
momentum. As a result, several states (including Minnesota, South Carolina, Pennsylvania, and
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Michigan) that had previously established recycling market development programs saw those programs
revitalized with a renewed sense of urgency, bolstered by increased financial and personnel resources. See
Boxes 5-5 and 5-6 for examples of recent state policies and initiatives.

BOX 5-5
Case Studies: State Recycling Market Development Programs

Several states have initiated efforts to establish new recycling market development centers or programs since
2018:

e Colorado (SB20-055, 2020)* directed the state’s Department of Public Health and Environment to create
a plan for a new recycling market development center. Colorado (HB 1159, 2022)” also created a circular
economy development center to grow existing markets; create new markets; and provide the necessary
infrastructure, systems, and logistics to create a sustainable circular economy for recycled commodities in
the state. One of the center’s primary roles is connecting end markets with existing state grants and other
incentives.

e Maryland (HB0164, 2021) required the state’s Office of Recycling to “promote the development of
markets for recycled materials and recycled products” through efforts such as helping connect recycled
materials, especially hard-to-recycle ones, with suitable end markets.

e New Jersey (S-3939, 2018)“ called for the creation of a Recycling Market Development Council that
would report on best practices to reduce the contamination of recyclables and recommend ways to
stimulate demand for the materials.

e Texas (SB 649, 2019)° mandated the Texas Commission on Environmental Quality (2021) to produce
a market development plan for using recyclable materials as feedstock in processing and manufacturing.

4 See https://leg.colorado.gov/bills/sb20-055.

b See https://leg.colorado.gov/bills/hb22-1159.

¢ See https://mgaleg.maryland.gov/mgawebsite/Legislation/Details/HB0164?7ys=2021RS.
4 See https://legiscan.com/NJ/bill/S3939/2018.

¢ See https://legiscan.com/TX/bill/SB649/2019.

Regional and Local Market Development Focus by Material Type

Efforts to develop regional and local markets for recyclable materials have long centered on
addressing the challenges presented by the heterogeneity of material types and variations in market
demand, transportation costs, and end-use applications. Although each material has unique obstacles,
sustained efforts have aimed at fostering viable domestic recycling solutions and reducing dependency on
global export markets. The following sections summarize current challenges and initiatives for glass and
plastics.

Glass Recycling and Market Development

Glass has consistently posed a challenge for regional recycling efforts because of its high weight,
low market value, and high transportation costs that often exceed the material’s economic value and thus
limit its accessibility to end markets. The widespread use of imported-glass packaging in consumer
products—such as wine, beer, and food items—has created an oversupply in many areas. Additionally,
the quality of glass collected through curbside programs tends to be low, further complicating the ability
to market this material effectively. As a result, glass has become a persistently difficult commodity to
manage within recycling systems, particularly in areas with limited local end markets.
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BOX 5-6
Case Study: Washington’s NextCycle Program

Washington State (SB5545, 2019)* authorized the creation of a recycling development center to encourage
new companies to process recyclable materials and develop more local end markets, guided by an advisory board
that includes recycling industry representatives (Department of Ecology, n.d.).? The center, now called NextCycle
(n.d.), has evolved to include the City of Seattle and King County. NextCycle seeks to advance a circular
economy by fostering public—private partnerships that support innovative recycling and material recovery
solutions (Department of Ecology, 2023).

A core component of NextCycle is the Circular Accelerator, which uses a competitive model for identifying
and supporting projects with high potential impact. In its first round, 14 teams proposed scalable end-market
solutions targeting materials prevalent in the regional waste stream, such as glass, textiles, food waste, demolition
debris, and used bedding (King County Solid Waste Division, 2023). These teams competed for $26,000 in
funding to further develop initiatives aimed at enhancing local recycling infrastructure and reducing material sent
to landfills.

The NextCycle Washington program highlights the importance of developing resilient end markets for
recyclables, particularly as global recycling markets fluctuate. By facilitating regional market development and
supporting viable recovery pathways for traditionally discarded materials, this initiative aligns with evidence-
based goals for sustainable materials management (Washington State Recycling Association, 2022). In doing so,
NextCycle Washington addresses both environmental and economic objectives, providing a replicable model for
improving material recovery systems through integrated, locally focused approaches.

4 See https://app.leg.wa.gov/billsummary?BillNumber=5545&Initiative=false& Y ear=2019.

b See https://ecology.wa.gov/Waste-Toxics/Reducing-recycling-waste/Strategic-policy-and-planning/Recycling-
Development-Center.

¢ See https://www.nextcyclewashington.com/teams.

Various initiatives have tried address the need for new end markets for recycled glass. Programs
such as those led by the Northeastern Recycling Council (NERC) and the Clean Washington Center have
explored solutions to increase the value and usability of recycled glass. While large-scale solutions have
remained elusive, niche markets for recycled glass have developed, including applications in abrasives,
art, drinkware, and specialty products. Despite these efforts, comprehensive regional markets for glass
recycling remain limited, so glass recycling continues to pose challenges for many local systems.

Development of Domestic Markets for Plastic

Growing restrictions on the export of plastics—intensified by the Basel Convention’s
regulations—have been accompanied by an increased focus on developing domestic end-market solutions
for various plastic types. Notably, significant progress has been made in recycling PET and HDPE
plastics to meet stringent standards for bottle-to-bottle recycling, thereby supporting sustainable domestic
markets.

Historically, less than 25 percent of recycled PET bottles was reprocessed into new bottles, with
the majority instead repurposed in the textile industry. However, in 2023, for the first time, the volume of
PET recycled into bottles surpassed that used in textiles, reflecting advancements in processing
technology and market demand for high-quality, recycled PET suitable for food-grade applications
(NAPCOR, 2023).

And traditionally, HDPE recycling has focused on applications like piping. Recently, however, an
increasing percentage of natural-colored HDPE bottles are being recycled to Food and Drug
Administration standards, allowing these materials to be used to produce new milk jugs and other food-
grade containers.
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5.4 PUBLIC POLICIES FOR END MARKETS

Public policy interventions may improve and support end markets for collected materials by (1)
increasing materials supply by encouraging households to recycle and (2) increasing demand for the
secondary material. The latter can be achieved through postconsumer recycling (PCR) content standards
and government procurement policies.

5.4.1 Postconsumer Recycling Content Policies

PCR content laws (PCR policies), also called minimum content legislation, can play a vital role in
promoting recycling by requiring manufacturers to reach a minimum percentage of inputs that are
recycled material. These policies apply to postconsumer content, as opposed to postindustrial content (a
byproduct of manufacturing) or preconsumer content (a product that never reaches the consumer).
Postconsumer content is sometimes less pure and harder to use compared with these other types, so
legislation has focused on these materials.

PCR policies can increase regional and national demand for recycled materials, thereby
supporting prices (Palmer and Walls, 1997). They may also help stabilize prices by providing a reliable
source of demand, because manufactures cannot easily substitute from the recycled commodity when
primary materials prices drop. Thus, these laws reduce the economic risk for investments in capital-
intensive recycling infrastructure. By supporting the recycling industry, they help provide many of the
benefits of recycling discussed above, such as reducing reliance on virgin materials and the adverse
climate and environmental impacts associated with raw material extraction and production.

Experience with PCR Policies

Although no federal PCR policies have been passed to date, states have used them for more than
30 years as part of a demand-side market development strategy. The first wave began in the 1980s and
focused on newsprint. By 1990, eight states enacted recycled content mandates: Arizona, California,
Connecticut, Illinois, Maryland, Missouri, Oregon, and Wisconsin (National Solid Wastes Management
Association, 1991). In the 1990s, California enacted PCR policies for fiberglass, glass containers, plastic
containers, and plastic trash bags. In 1995, Oregon set a 25 percent PCR content standard for plastic
beverage containers.

Although these early PCR policies played an important role in supporting the expansion of
recycling, they were not adopted by other states. Most of the focus of recycling programs between 1995
and 2017 focused on collecting more material and processing it to grow supply for end markets. Few
policies were designed for growth demand of recycled materials.

As discussed above, cheap virgin resin has undercut demand for postconsumer plastic. In
response to pressure from recyclers, states have passed a new wave of minimum PCR content standards.
These new initiatives primarily target packaging materials, beverage containers, and plastic bags. For
example, California’s AB 793 mandates that plastic beverage containers must meet specific recycled
content thresholds, which are set to increase over time. New Jersey has phased in PCR content mandates
across various packaging types, including rigid plastic and glass containers, plastic bags, and trash bags,
with rates that will rise incrementally through 2027. Similarly, Washington State’s SB 5022 sets
minimum PCR content for plastic beverage bottles and other containers, aiming to drive the use of
recycled materials across common consumer products (Retail Compliance Center, 2023).

Problems with PCR Policies
Although PCR content standards can have benefits, they also have drawbacks. First, these

standards often require that materials are reused in consumer products, which may not always be the least
resource-intensive use of recycled materials (as some indicated by some of the examples in the discussion
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of closed loop recycling above). The standards may thus raise the overall social costs of the recycling
system. The Oregon Department of Environmental Quality’s 2020 report, “Evaluating the Effects of PCR
Content on Environmental Impacts” stated:

The second finding is that recycled content by itself is not a good predictor of lower
environmental outcomes when comparing functionally equivalent (substitutable) packaging made
from different materials. Just because a package contains higher levels of recycled content (on a
mass or percentage basis) does not indicate that it has lower negative impacts because materials
have substantially different production burdens. For example, a glass bottle may contain a higher
percentage of recycled content than a lightweight flexible pouch or plastic bottle. Based on
recycled content one may be inclined to prefer the glass container, but because of its higher
overall weight glass may use more virgin material overall, and because of how it is made, may
result in higher impacts such as emissions and resource depletion.®

Another drawback of PCR policies is that they may raise the prices or reduce the quality of
products, such as packaging, that must have a minimum recycled content. To be effective, the policies
must force manufacturers to use more recycled material inputs than they would choose without the policy;
the necessary adjustments will either reduce the quality of the products made with these inputs or raise
costs (and thus price). The resulting price increases may create desirable incentives for source reduction
(Sigman, 1995). States have chosen to focus PCR content mandates on packaging, which may reflect a
desire to discourage its consumption at the same time as increasing demand for recycled materials.
However, restrictive content rules may raise final product costs more than necessary and discourage
consumption of the products that have the best potential for closed-loop recycling.

Flexibility in the design of PCR content standards can reduce these adverse impacts. A form of
flexibility used in practice is to allow averaging of recycled content across all covered products made by a
company. These “portfolio standards” allow firms to choose the product lines in which recycled materials
can most easily be integrated; they may also decide to concentrate their recycled materials in product lines
that they sell at a discount or as a “green choice” that the market might not otherwise sustain. An even
more flexible system would allow averaging across an industry with trading: producers who can more
easily substitute recyclables will exceed the standards and receive payments from other producers who do
not meet the standards.” Such flexibility might have been useful in the early days of recycled newsprint
content standards. For example, Canadian producers relied mostly on virgin pulp from their extensive
forests, and they were forced to import U.S. recycled pulp. Thus, they complained that these policies put
them at a competitive disadvantage (McCarthy, 1994).

The effectiveness and costs of PCR policies are likely reduced by the fact that they have been
implemented at the state level rather than the national level. Requirements that vary across states create
complexity for producers and logistical issues that raise costs. And a single state can increase demand for
only a small share of the overall product market. The resulting prices increases may be muted because
recycled commodity prices are determined regionally or nationally. However, state policies may have
spillover effects to other states, as producers find it easier to comply with the strictest state policy across
their entire sales region, rather than tailor the manufacture of their products state by state. This
phenomenon is known as the “California effect”; it may allow large states to assume an outsized role in
national production patterns.

Finally, the most significant concern about PCR legislation is that, as demand-side policy, it does
not ensure adequate supply of recycled materials. Although it will likely increase the prices of recycled
materials and thus help MRFs support increased collection and processing of these materials, the extent of

¢ See https://www.oregon.gov/deq/FilterDocs/pcr.pdf.

7 Standards that allow trading have not been used in practice for recycling but have been used successfully for other
environmental objectives, in for example, state renewable energy portfolio standards and in the U.S. phase-out of
lead in gasoline.
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this indirect supply response is unclear. Any supply response might require local governments to adjust
their policies, which they might not do in response to small changes in prices. If the supply does not react
adequately, the policy may create excessive price increases. To ensure adequate supply to meet the
demand that these PCR policies create, they need to be combined with public policy interventions to
support supply—such as EPR or mandatory recycling policies.

5.4.2 Government Procurement

Government procurement may be an important public policy in supporting recycling end-use
market. The U.S. federal government is among the largest consumers of goods in the world and thus has
considerable influence on many product markets. The 1976 Resource Conservation and Recovery Act
required EPA to set requirements for recycled content in government purchases, resulting in the
Comprehensive Procurement Guideline Program (EPA, 2024b). EPA set requirements for 62 products in
eight categories that range from paper to construction materials and vehicular parts. Although difficult to
assess empirically, the program’s benefits may come not just from its direct effect on demand but also
from the information it provides to other purchasers about which products contain or could contain
recycled materials. States and local governments also have recycled content requirements for their
purchases, but their reach is narrower than that of the federal program.

5.4.3 Taxes and Fees on Virgin Material

Another mechanism that governments use to stimulate end markets for recycled material is to
impose taxes or fees on virgin (i.e., nonrecycled) material. This kind of policy places an economic
disincentive on the use of virgin material while creating an economic incentive to use recycled material.
A recent example of this kind of tax is from the United Kingdom (Box 5-7), which has a policy that
focuses on plastic use in packaging.

BOX 5-7
Case Study: UK Plastic Packaging Tax

In April 2022, the United Kingdom implemented a tax on plastic packaging that does not contain at least 30
percent recycled material. The initial tax of £200 per metric ton of plastic packaging material rose to £217.85 per
metric ton in April 2024. It applies to plastic packaging used in the supply chain and in single-use consumer
packaging. Two parties are responsible for paying the tax: UK-based manufacturers of plastic packaging and
importers of plastic packaging material. This tax was implemented to increase domestic demand for recycled
plastic packaging and to reduce the amount of plastic waste ending up in landfills or in the environment, or being
incinerated.?

4See https://www.gov.uk/government/publications/plastic-packaging-tax-rate-change-from- 1-april-2023/rate-
change-from-1-april-2023-for-plastic-packaging-tax.

The United States also imposes taxes on virgin plastic resin through the Superfund program.
These fees, discussed in Box 5-8, are not designed for their effects on recycling but nonetheless slightly
discourage virgin plastic use.

5.5 KEY POLICY OPTIONS

Policies that influence material use and recycling can help balance economic and environmental
considerations while shaping market dynamics and consumer behavior. Effective approaches aim to
address cost differences between virgin and recycled materials, encourage the use of recycled content, and
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support waste reduction efforts. Well-designed policies can also enhance market stability, promote
innovation in recycling technologies, and improve the overall efficiency of material management systems.

BOX 5-8
Superfund Excise Tax on Hazardous Substances

The reinstatement of the Superfund excise tax through the Inflation Reduction Act of 2022 (Pub. L. 117-169)
will affect incentives for use of virgin versus recycled materials. Effective mid-2022, the tax imposes levies on
crude oil and petrochemical feedstocks products, which will be adjusted annually for inflation (IRS, 2023). The
levy applies to several feedstocks for virgin plastics, including ethylene and propylene, at an initial rate of $9.74
per ton. By increasing the financial burden of using virgin petroleum-based materials, the tax may indirectly
encourage substitution toward recycled plastic inputs, as well as away from plastics toward other materials. It may
modestly increase the cost of manufacturing plastic from petrochemicals but is not designed to reduce reliance on
single-use plastics (Mann, 2024). Revenues generated from this tax are directed to the Superfund Trust Fund,
managed by the U.S. Environmental Protection Agency, which pays for cleanup of hazardous sites—especially
when settlements have not been reached for private clean-up (GAO, 2023).

5.5.1 Revenue-Neutral Fee-and-Reward Program

For two major reasons, the societal costs of virgin materials extraction exceeds the direct dollar
costs to companies and their customers. First, for many years, various direct and indirect government
subsidies have promoted oil and gas industries that provide petrochemicals used to make virgin plastic
resins (Metcalf, 2018). Second, as highlighted in this report, those industries do not pay all the substantial
indirect environmental, social, and economic costs of extraction. For both reasons, the use of virgin
materials exceeds the socially optimal amount, and its subsidized supply on the market outcompetes the
demand for recycled materials.

Meanwhile, many policies have successfully encouraged the supply of recycled materials from
households and businesses. Without sufficient demand for those materials, recycled materials markets—
particularly plastics markets—experience significant imbalance. As such, a simple fee by weight of virgin
resin could address part of this imbalance, with various possibilities for the use of the revenues generated
by that fee.

The costs of MSW recycling programs and curbside collection include the need to collect, sort,
clean, crush, and bale the different materials for transport, and to process the material into recycled resin
that can be used as a feedstock. These costs mean that the market price of recycled materials may exceed
the often-subsidized price of virgin feedstock. For example, Figure 5-4 shows persistently higher prices
for the recycled material than for the virgin material for PET that is used to make plastic packaging. As
such, recycled materials may face challenges in competing against clean, homogenous virgin material.
This economic challenge is particularly acute for plastic resins and for glass collected in curbside
recycling programs, as explained earlier in this report. While glass markets are mature, large-scale virgin
plastic resin production is increasing the amount of low-cost virgin plastic on the market. A subsidy per
weight of recycled material would reduce its price as an input to manufacturing and address another part
of that market imbalance. However, such a subsidy or reward for using recycled materials would require a
source of funds.

For these reasons, an effective policy would combine both approaches: a revenue-neutral policy
that applies a fee per ton of virgin resin used in domestic manufacturing of plastic packaging and single-
use products, with all revenue used to fund a reward per ton of recycled resin used in those same
processes. In parallel, a border adjustment fee on fully manufactured imported plastic packaging and
single-use products would be needed to sufficiently discourage the relocation of manufacturing processes.
Because it applies to national and international markets, it would need to be enacted at the federal level.
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Other policies encourage the supply of PCR content; firms would earn the reward when they buy
postconsumer, not postindustrial or preconsumer recycled content.

This policy would help achieve several recycling objectives: (1) it makes the cost of recycled
materials more competitive with virgin materials used as feedstock in manufacturing; (2) it increases
demand for recycled materials, which raises the effectiveness of efforts to increase household
participation and recycling supply; (3) it helps reduce environmental and social damages from landfills
and from litter or dumping; and (4) it helps build end markets for recycled materials (the importance of
which is discussed earlier in this chapter; see also Bradshaw et al., 2025).

The policy reduces environmental and social damages from disposal by incorporating some of the
external costs of these materials into the prices that manufacturers and consumers pay for these materials.®
By enhancing demand for recycled plastic resin and reducing demand for virgin material, this policy
would reduce environmental costs from virgin materials extraction and landfilling of plastics. It would
increase the effectiveness of MSW recycling programs and may have additional effects of decreasing
plastic litter. Lastly, an additional strength of this policy approach is that it avoids mandated rules about
company behavior and allowable materials, instead leveraging price incentives in market choices.

Trade-offs need to be acknowledged for this policy approach, however. The committee
acknowledges the challenges in enacting and administering large-scale tax policy. Furthermore, while
companies that can readily adjust to the new incentives for using more recycled inputs receive a cost
advantage, this policy may place some cost disadvantages on companies less capable of readily adjusting
their processes to these changes in relative material prices. Finally, while suppliers of recycling material
would likely see increased profits on account of increased market demand for their product, producers of
virgin plastic resins would likely see declines in their profits on account of increased market competition
and decreased demand for their products.

In general, this policy would require a multiyear process to establish the appropriate fee and
reward levels, as well as the eventual tax procedures including reward eligibility and fee liability, and all
reporting requirements. As reasonably assessed by the committee, 5 years is a likely minimum scenario
from introduction to implementation.

After implementation, various metrics can be used to evaluate effectiveness of the policy.
Evaluation could benefit from measures of virgin resin sold at various fee-and-reward rates, compared
with recycled material sold. After the policy has been in place for a few years, actual effects of specific
fees and rewards on prices and quantities of virgin materials and on prices and quantities of recycled
materials need to be compared with projected effects, along with actual and projected effects on
environmental damages from extraction, landfills, and plastic litter.

As referenced in its statement of task, the committee did not have sufficient data available to
recommend specific monetary values of such fees and rewards, so this policy requires further study.
Nevertheless, sufficient information is available to outline this policy structure and approach (see Figure
5-15). The committee provides this summarizing conclusion and policy option:

Conclusion 5-1: A revenue-neutral policy that applies a fee for using virgin plastic resins and a
reward for using recycled plastic resins would increase the cost-competitiveness of recycled
materials relative to virgin inputs and would enhance end markets for recyclable materials.

Key Policy Option 5-1: The U.S. Congress could enact a new revenue-neutral fee-and-reward

policy to increase the competitiveness of recycled materials relative to virgin inputs. It would

encourage the use of recycled plastic resins in the manufacturing of plastic packaging and single-

use products. This policy could comprise two levers:

e First, the Department of the Treasury, in partnership with the U.S. Environmental Protection
Agency (EPA), could implement a new fee on the use of virgin plastic resins used in product

8 Superfund excise taxes on virgin plastic feedstocks may also help raise these prices (see Box 5-9), but Superfund
does not direct those revenues toward rewarding recycled plastic use.
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packaging and in the manufacturing of consumer products, and a corresponding reward for the
use of postconsumer recycled plastic resins in those same manufacturing processes. If
implemented, this new fee and reward should be paid and received by domestic manufacturers
that use plastic resins in their manufacturing processes, should be weight-based, and should be
of sufficient value to encourage the use of recycled plastic resins. Market parity can facilitate
economic competition between recycled plastic resin and virgin resin.

e Second, the Department of the Treasury, in partnership with EPA and U.S. Customs and Border
Protection could impose a new border adjustment fee on fully manufactured imported plastic
packaging and single-use products, to be paid by the importer of those products.

If pursued, this policy should be revenue neutral for the federal government, such that the total
annual sum of fees collected equals the total annual sum of rewards distributed. Furthermore, the
Department of the Treasury, in partnership with EPA and other relevant parties, would need to
study and identify the appropriate levels of fees and rewards to fully encourage the use of recycled
plastic resins while minimizing motivations for changing manufacturing locations.

Virgin resin from Domestic sourced

any source recycled resin

Fee perton
purchased

Domestic manufacturer of
plastic packaging or single-
use-product use-product

\ Border Fee
Adjustment
Market demand for plastic
packaging or single-use-product

FIGURE 5-15 Conceptual map of the proposed fee-and-reward program.

Reward per ton
purchased

Foreign manufacturer of
plastic packaging or single-

5.5.2 Federal Funding for MSW Recycling and Research

Research could help improve product recyclability and develop new uses for recycled materials,
contributing to higher and more stable prices. It could also make existing markets more robust and
environmentally beneficial. Some innovations might open markets for materials that are currently difficult
or impossible to recycle such as certain types of plastic or make recycling feasible in areas of the country
where end markets are currently too thin. Federal research funding could drive advancements in sorting
and processing technologies, improve the environmental impact of recyclables, and potentially develop
new uses for currently underutilized materials, such as certain plastics. Ideally, such innovation would
make the recycling system more sustainable without modifying its current incentives. A model for this
goal is in the electricity sector, where innovative activity has made renewable energy production desirable
based on market prices alone, without a need to account for environmental benefits.

Research funding would address two fundamental problems. First, only some recovered materials
can be sold for high values in end markets. If lower recovery values make the net cost of recyclables
processing higher for local governments and businesses, they may face difficulty paying for recycling.
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Local governments may scale back the availability of curbside recyclables collection or limit access to
recycling in rural areas, where it may be too costly to transport materials. Limited end-market options also
contribute to volatility in recyclable prices, which makes local governments unwilling to bear the
financial risk. In some worst-case conditions, households, firms, and governments spend time and money
to separate recyclables, only to have the material landfilled or incinerated anyway; these episodes are not
only wasteful but also undercut faith in recycling and willingness to contribute. Second, private incentives
for research and development (R&D) in recycling are insufficient and not well targeted toward improving
environmental outcomes. All facets of the economy suffer from insufficient investments in R&D because
the knowledge it creates is a public good (see Chapter 3). In addition to this fundamental market failure,
private R&D does not tend to focus on finding end uses for materials that reduce environmental costs.
This difficulty is illustrated by the recent tensions between desirable market properties of “advanced” or
“chemical” recycling of plastics and concerns about their environmental implications (Gracida-Alvarez et
al., 2023). Publicly funded research could help steer innovative activity toward end uses with more
desirable environmental properties.

The recommended research program could easily fit within existing federal research
infrastructure. Private—public partnerships (e.g., Department of Energy’s REMADE) might be possible
for some research areas, such as improved design for recycling. Given the national or even global goals
that such a program would address, the federal government would be the best level for establishing the
program. This policy could be implemented soon through existing funding mechanisms, although the
timeline for its effects on the recycling system will be longer. Intermediate metrics for success of this
effort might be research articles in journals and new patent activity. A long-term metric would be
sustained prices that generate profit for recyclable materials in applications that also generate
environmental improvements relative to landfilling or incinerating of these materials. The federal
government could also partner with nonprofits, such as the Environmental Research and Education
Foundation, that fund research in MSW management.

Conclusion 5-2: Advancing research and development in technology areas relevant to recycling
and adopting new technologies in the MSW recycling system can help achieve multiple policy
objectives for recycling:

o enhancing end markets for recyclable materials,

e increasing the cost-competitiveness of recycled materials relative to virgin inputs,

e improving the cost-effectiveness of recycling collection and processing,

e decreasing contamination of post-consumer recycling streams, and

e enhancing social and environmental benefits associated with recycling.

Conclusion 5-3: Increased recycling collection may have little benefit without end uses for the
collected materials that are environmentally sound and economically valuable. Thus, increased
collection needs to be combined with support for end markets, with attention to the environmental
implications of end uses.

Key Policy Option 5-2: Federal agencies that fund research related to recycling, including the U.S.
Environmental Protection Agency, the Department of Energy, and the National Science
Foundation, could enhance investments in research related to recycling systems and recyclable
materials. When pursued, this research should prioritize environmentally sound and economically
valuable end uses for recycled commodities and other approaches to increase end-use values
nationally and internationally. Examples include recyclable design for consumer products, and
technologies to reduce contamination of the recycling material stream. Funding from Congress to
support this endeavor could include public—private partnerships in manufacturing innovation to
increase opportunities for recyclable materials end uses.
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5.5.3 The Basel Convention

The Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and
Their Disposal is an international agreement aimed at controlling hazardous wastes and their effects on
human health and the environment. The United States was an original signatory to the Basel Convention
in 1990 and the U.S. Senate provided bipartisan advice and consent approval for the agreement in 1992.
However, for a range of legal and political reasons outlined by Yang and Fulton (2017), Congress has
never taken the final step to ratify the agreement. Yang and Fulton (2017) make a compelling legal case
for why the United States should ratify the Basel Convention. Beyond the legal argument, ratification has
benefits for recyclable materials.

First, the scope of the Basel Convention covers a wide range of trade in wastes beyond just those
deemed as hazardous, including those that are covered by this committee’s statement of task. Annex II of
the Convention covers household garbage and “other wastes” that are not deemed to be hazardous but are
often recyclable or must be disposed of in environmentally safe ways. International trade in these
materials is not specifically covered under EPA’s Resource Conservation and Recovery Act or other U.S.
domestic law. Ratification of the Basel Convention could help fill loopholes with respect to coverage of
trade in nonhazardous recyclable materials.

Second, plastic waste and scrap amendments to the Basel Convention were adopted in 2019 and
began to be enforced by parties as of January 1, 2021. Currently, 190 countries and the European
Commission are ratified members. Under the new amendment, many plastics now fall under the
Convention’s prior notice and consent rules. Not being a party to the convention may inhibit the United
States’s ability to trade waste and scrap plastics with most countries. Furthermore, the Convention’s rule
that member countries may not engage in trade of waste and scrap with nonmember countries (such as the
United States) could limit markets for importing and exporting waste and scrap of recyclable materials
beyond plastics, if member countries increasingly enforce the rule. Ratifying of the Basel Convention
would ensure that the United States is at the table and can advocate for its interests in future amendments
to the Convention; ratifying would also ensure access to trade in recyclable materials markets with 190
member nations.

An important note and potential disadvantage regarding ratification is that in 2019, the
Convention adopted the “Basel Ban Amendment,” which prohibits OECD countries from exporting
hazardous wastes as defined by the Convention to non-OECD countries for final disposal or for reuse,
recycling, or recovery operations. However, recent international policy changes, including China’s
National Sword policy and other countries’ subsequent bans on imports of plastics, have limited the
impact this amendment would have on U.S. trade should the United States ratify the Basel Convention.

Conclusion 5-4.: Full participation in international agreements can help facilitate open markets for
trade of recyclable material and grow end markets for recyclable materials collected in recycling
programs, as well as enhance social and environmental benefits associated with recycling. In
particular, full U.S. ratification of the Basel Convention on the Control of Transboundary
Movements of Hazardous Wastes and Their Disposal would better align the United States with
international law regarding the transport of wastes covered under the Convention, and ratification
would help to facilitate open markets for trade of these recoverable and recyclable materials.

Key Policy Option 5-3: The United States could ratify the Basel Convention because of its
assistance in closing loopholes regarding trade in nonhazardous recyclable materials. If pursued,

the U.S. Congress should provide necessary domestic authorities and relevant agencies to regulate
the full scope of the Basel Convention’s provisions.
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6
Behavioral Considerations and Social Impacts
of Recycling Programs

Summary of Key Messages

e Barriers to recycling: While consumer surveys consistently find high support among respondents for
recycling and its programs, they also highlight barriers—mainly a lack of convenience and confusion over
what materials can be recycled.

e Successful recycling programs: To be successful, residential recycling services must be convenient, easy to
use, and low in cost to residents and business owners. These factors alone, however, are not always sufficient
to increase recycling.

e Labeling: Inconsistent and misleading packaging labels, including the use of the chasing arrows symbol and
resin identification codes, are significant causes of consumer uncertainty and misunderstanding.

e Predictors of recycling behavior: Studies indicate that the greatest predictors of recycling participation are
residence type and income.

e Targeted interventions: Behavioral interventions for promoting recycling and decreasing contamination are
most effective when they target a specific barrier to recycling for a given population of consumers.

e Policy support: Evidence suggests that consumers and voters would support policies that place greater
responsibility for recycling onto product manufacturers.

e Research needs: More regular collection and reporting of direct observations of household and commercial
behavior related to recycling are needed to support recycling policy decision-making. As one example, new
and more rigorously collected data on household time costs are needed to perform recycling cost-benefit
analyses more accurately.

This chapter explores the science and policies relevant to household attitudes and behaviors
around recycling. It also explores the social impacts of recycling. Understanding how and why individuals
engage in recycling practices is crucial for designing policies that effectively increase participation rates
and improve recycling outcomes. Household recycling behavior is shaped by various factors, including
the availability and accessibility of recycling programs, convenience, public awareness, and economic
incentives. Additionally, the presence of social norms and community engagement can further influence
participation in recycling efforts.

6.1 RESIDENTIAL PROGRAM AVAILABILITY

Household recycling behavior is influenced by a combination of structural and psychological
factors, including program availability, ease of access, education, and personal motivation. While many
residents express strong support for recycling, participation rates often lag behind access due to barriers
such as unclear recycling guidelines, a lack of convenient options, and the perceived effort required. This
section explores the availability of residential recycling programs, a contributing factor in household
recycling decisions.
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6.1.1 Availability of Residential Recycling Programs

As discussed in Chapter 2, U.S. residents can recycle their household materials in two ways
(Sustainable Packaging Coalition, 2021):

1. Curbside recycling collection at their home by public or private service providers, either
automatically or on an opt-in basis or subscription basis.
2. A publicly or privately operated drop-off recycling location within their municipality.

Alternatively, households can dispose of recyclable materials in general trash bins intended for
the landfill or incinerator. Intermediate diverters (sometimes referred to as scavengers) may collect
recyclable material from curbside recycling or trash containers and drop it off at recycling centers to
receive payment for those materials. Scavengers’ role in diverting material from the waste stream to the
recycling stream is important, because otherwise those materials would have ended up in landfills or
incinerators. Finally, materials recovery facilities (MRFs) obtain recyclable materials from curbside
haulers or drop-off centers (see Figure 6-1).

Households consume goods and dispose of recyclable materials through one of

three channels

Curbside Recycling Container Trash Container

Diverters collect recyclable

material from curbside or trash
and take to a drop-off center

Drop-off center Landfill

MRF Processors End Markets for Recycled Materials

FIGURE 6-1 Recyclable materials disposal channels.
NOTE: MRF = materials recovery facility.

The availability of these residential recycling programs varies substantially across the United
States, which becomes important to consider in the attitudes of individuals toward recycling, as discussed
in the next section. A study by the Sustainable Packaging Coalition (2021) on the availability of recycling
programs in 1,950 U.S. communities found that approximately 34 percent of the sampled population had
only curbside collection available, 25 percent had both curbside programs and drop-off programs
available, 32 percent had only drop-off programs available, and 9 percent had no recycling program
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available.! Recycling program availability was found to be strongly correlated with housing type: only
about 3 percent of respondents living in single-family homes reported no access to recycling programs,
and nearly one in four respondents who live in multifamily housing reported no access to recycling
programs (Sustainable Packaging Coalition, 2021).

Other organizations estimate lower rates of recycling access. For instance, The Recycling
Partnership (2024) estimates recycling access to be only 73 percent across all households in the United
States. However, this lower rate partly reflects the organization’s definition of access, which does not
count access to deposit-return systems. Yet, similar to other studies, The Recycling Partnership (2024)
also found differences by housing type, where access for single-family households is 85 percent and for
multifamily households it is 37 percent. Additionally, while 73 percent of households have access, only
59 percent of those who have access participate in recycling (43 percent of all households participate)
(The Recycling Partnership, 2024).

Availability of recycling also varies by type of product. While metal, paper, and plastics are
commonly assumed to be recyclable, what can actually be recycled depends on the characteristics of
products and not just their material. The Sustainable Packaging Coalition (2021) assessed the availability
of residential recycling programs by product type. Products with the highest recycling availability
included aluminum beverage cans (89 percent), corrugated boxes (88 percent), steel food cans (87
percent), polyethylene terephthalate (PET) bottles (87 percent), high-density polyethylene (HDPE) bottles
(87 percent), and paperboard boxes (84 percent). Materials with the lowest recycling availability included
aluminum foil and foil packaging (37 percent); rigid polystyrene packaging (45 percent); PET cups (52
percent); and PET clamshells, tubs, and trays (54 percent).

Figure 6-2 shows substantial heterogeneity in recycling participation by state, with participation
rates lagging access rates in all states. The recycling participation rate is the percentage of all households
that participate in recycling; analogous rates can be defined for composting, incineration, and landfill
(The Recycling Partnership, 2024). The lowest recycling participation rates are 20 percent (Mississippi)
and 21 percent (Louisiana); the highest are 62 percent (California) and 59 percent (Oregon), and the
national average recycling participation rate is 43 percent (The Recycling Partnership, 2024). The fraction
of municipal solid waste (MSW) that gets landfilled follows similar patterns to the recycling rate. For
instance, the South-Central region has the highest landfilling rate, 83 percent, whereas the Northeast has
the lowest landfilling rate, 47 percent (The Recycling Partnership, 2024).

Figure 6-3 depicts the fate of recyclable materials in the residential recycling process in number
of tons. The materials are differentiated by the amount recycled, lost at the MRF, and lost to trash. On
average, 21 percent (10 million tons) of residential recyclable materials are recycled, 3 percent are lost to
processing at the MRF, and the remaining 76 percent of recyclable materials are thrown out by
households as trash (The Recycling Partnership, 2024). However, as indicated by Figure 6-3,
heterogeneity of recycling rates by material is considerable: the highest rates nationally are for cardboard
(32 percent) and aluminum cans (30 percent), while the lowest rates are for film and flexible materials,
bulky rigid plastics, and plastic types 3—7 (at or below 1 percent).

6.1.2 Availability of Residential Food Waste Programs

In the United States, the availability of residential food waste programs is much lower than the
availability of recycling programs. A 2023 survey of cities, counties, and solid waste authorities estimated
that 12 percent of U.S. households had access to residential food waste collection programs (BioCycle,
2023). However, the number of residential food waste programs has been growing over the past decade.
A prior version of this survey found that less than 3 million U.S. households had access to residential
food waste programs in 2013-2014; over the next 10 years, this number grew five times to roughly 15
million households (BioCycle, 2023; see Figure 6-4).

! The Sustainable Packaging Coalition (2021) defines the availability of recycling as a resident having access to
either one or more of consumer recycling services at their place of residence.
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FIGURE 6-2 State-by-state levels of recycling access and participation.
NOTES: Access data do not include access to a deposit-return system. Curbside recycling participation data were

derived from a community survey. Participation data for drop-off systems and on-property multifamily recycling
were unavailable and presumed rates of 30 percent and 50 percent were used, respectively. A subscription uptake
rate of 30 percent was assumed, based on engagement with communities and data from previously published studies.

SOURCE: The Recycling Partnership, 2024.
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FIGURE 6-3 Fate of materials in residential recycling, tons per year.
NOTE: HDPE = high-density polyethylene; MRF = materials recovery facility; PET = polyethylene terephthalate;

PP = polypropylene.
SOURCE: The Recycling Partnership, 2024.
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In millions, 2005-2023
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FIGURE 6-4 Number of U.S. households with food waste collection, 2005-2023.
SOURCE: BioCycle, 2023.

Most residential food waste programs are provided via curbside collection. Of the 400 programs
tracked in BioCycle (2023), 230 offered curbside only, 139 offered drop-off only, and 31 offered both
curbside and drop-off (see Figure 6-5).

Both curbside
and dropoff

Curbside Dropoff
only only
400 programs
responding

FIGURE 6-5 Food waste collection methods.
SOURCE: BioCycle, 2023.

BioCycle (2023) also describes the uneven spread of residential food waste programs across
states. California has over 100 programs, and Illinois, New York, and Minnesota have over 40 programs
each. However, 26 states have no residential food waste programs (see Figure 6-6).

6.2 ATTITUDES TOWARD AND BARRIERS TO RECYCLING
Much survey data and academic evidence have focused on recycling, and this section reviews
those findings. However, less data and evidence are available on attitudes toward composting and

anaerobic digestion options for residents to recycle organic waste (such as biomass, manure, leaf or yard
waste, and food waste).
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FIGURE 6-6 Residential food waste collection programs by state.
SOURCE: BioCycle, 2023.

6.2.1 Overview of Current Consumer Attitudes Toward Household Recycling

Polling companies, consulting firms, and nongovernmental organizations have conducted
numerous representative consumer surveys to gauge individuals’ attitudes and beliefs toward recycling.
These surveys consistently find high support among respondents for recycling and recycling programs.
However, they also highlight barriers to recycling, such inconvenience and confusion over what materials
can be recycled.

The World Economic Forum, SAP, and Qualtrics conducted a joint survey in 2021 that
questioned people from different parts of the globe about their attitudes toward recycling, among other
sustainability topics (World Economic Forum, 2021). This survey collected 11,686 responses across 28
countries. Globally, 84 percent of respondents reported that it is “extremely or very important for them to
personally recycle when they can.” Across the eight regions surveyed, responses were relatively
consistent, varying between 74 percent in East Asia and the Pacific and 93 percent in Latin America and
Caribbean (World Economic Forum, 2021; see Figure 6-7). North America falls in the middle, at 80
percent. In North America, the top barriers respondents reported that kept them from recycling more were
“lack of programs/services to enable recycling” (with 30 percent reporting this barrier) and
“inconvenience of recycling” (with 28 percent reporting this barrier). Approximately 50 percent of
respondents in North America also reported that they would be willing to avoid products that are hard to
recycle (World Economic Forum, 2021).
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FIGURE 6-7 Importance of recycling.
SOURCE: World Economic Forum, 2021. CC BY-NC-ND 4.0.

A 2014 survey conducted by Harris Poll on behalf of Recycled Materials Association surveyed
2,013 U.S. adults about their recycling attitudes and opinions; 68 percent of respondents reported that
“recycling is the right thing to do” (Harris Poll, 2014). Reasons chosen for recycling included “it’s the
socially responsible thing to do” (55 percent), it is critical to reduce landfill space” (54 percent), “it is
critical to conserve natural resources” (49 percent), and “it’s critical to reduce energy consumption” (40
percent). This survey also found that the vast majority of respondents say they have recycled, with 43
percent saying they always recycle, 26 percent saying they often recycle, 24 percent saying they
sometimes recycle, and only 6 percent saying they never recycle (Harris Poll, 2014).

6.2.2 Barriers to Household Recycling

While surveys reveal broad support for recycling in principle, they also highlight the difficulties
people have with recycling in practice. A survey of 1,000 U.S. adults, conducted by Reputation Leaders
(2023), found that 43 percent of respondents throw away most items instead of recycling them.
Approximately one-third of all respondents reported that the biggest challenge is that they are not always
sure which packaging can and cannot be recycled. For those reporting that they do not recycle, other
barriers reported were inconvenience (22 percent), having to use a separate bin for recycling (20 percent),
and not believing that recycling will make a difference or that the benefits of recycling do not outweigh
the costs (17 percent) (Reputation Leaders, 2023). Reschovsky and Stone (1994) found that household
storage space matters, with households much more likely to report that they recycle if they have adequate
storage space, though this may be influenced by the availability of curbside recycling as opposed to use of
drop-off centers.

In terms of confusion over which products are recyclable, according to a survey by McKinsey &
Company (2020), two-thirds of respondents are not confident that they know which products are
recyclable, and 17 percent find it difficult to know if something is recyclable. A separate survey
conducted by Corona Insights (2020) on behalf of the World Wildlife Fund surveyed 1,098 adults using
the nationally representative AmeriSpeak panel. This survey found that availability and uncertainty of
what is accepted were the top reasons for not recycling more household plastic waste. About 14 percent of
respondents reported no access to recycling, with nonmetro communities being more likely not to have
access (Corona Insights, 2020; see Figure 6-8).
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FIGURE 6-8 Barriers to recycling more household plastic waste.
NOTES: Results are coded from open-ended responses.
SOURCE: Corona Insights, 2020.

Since one of the most common barriers to recycling reported by U.S. households is time costs,
studies have estimated the time it takes for households to sort and dispose of their recycling. Jakus and
colleagues (1996) used survey data (of self-reported times to recycle one unit of a material) to estimate an
average of 36.38 (range: 3.67—102.4) seconds per unit to recycle newspaper and 53.75 (range: 6.64—
154.1) seconds per unit to recycle glass at drop-off centers. For the weekly time requirement per
household for the activities associated with preparing recyclables for curbside collection, the U.S.
Environmental Protection Agency (EPA, 1974) calculated 15.9 minutes per week, while Schaumberg and
Doyle (1994) assumed households take 5—15 minutes per week. For translating time costs for nonwork
hours into dollar values, a common practice is to use half the U.S. average hourly wage (Small, 2013),
which was $35.07 x 0.5 = $17.54 per hour in July 2024 (U.S. Bureau of Labor Statistics, 2024).
Alternatively, the federal minimum wage of $7.25 per hour could be used to value time. Table 6-1 shows
how the time costs of recycling would vary under different scenarios, based on household data from the
U.S. Census Bureau (2024).

TABLE 6-1 Time Costs of Recycling Under Different Scenarios

Household Time Time Cost for All U.S. Time Cost for All
Household Time Cost, Using Half Households, Using U.S. Households,
Household Time Cost, Using Federal |Average Hourly Federal Minimum Using Half Average
Spent Recycling Minimum Wage Wage Wage Hourly Wage
5 minutes/week $2.62/month $6.33/month $4.12 billion/year $9.97 billion/year
15 minutes/week $7.85/month $18.98/month $12.37 billion/year $29.91 billion/year

NOTE: Total U.S. households was 131,332,360 according to the latest American Community Survey 1-year
estimates by the U.S. Census Bureau (https://data.census.gov/profile/United States?g=010XX00US).
SOURCE: U.S. Census Bureau, 2024.
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However, the assumption that households spend 5—15 minutes per week on recycling may be an
underestimate. An informal poll conducted online by Earth911 (2018) found that 27 percent of
respondents spend 10—-30 minutes on recycling, 25 percent spend 30 minutes to 1 hour, and 25 percent
spend more than 1 hour, suggesting the values reported in Table 6-1 are lower than current time costs.
New and more rigorously collected data on household time and costs are needed, both on average and by
household characteristics.

Some surveys on recycling have focused on product labels. A June 2021 survey of 1,300 U.S.
consumers conducted by The Recycling Partnership (2023) asked consumers about their use of and
attitudes toward recycling information on products and product labels. Consumers were found to rely
heavily on product recycling labels, with 78 percent of consumers reporting that they look at recycling
information on products to try to sort them correctly. Approximately 82 percent of consumers trust the
recycling information found on products to be accurate, and 71 percent feel deceived and discouraged
when a product claims to be recyclable when it is not. Among consumers that look at product recycling
labels, 63 percent report still being confused about whether an item is recyclable (The Recycling
Partnership, 2023).

Surveys have also asked respondents what actions they would be willing to take to improve
recycling rates and what government policies they would support. The 2014 Harris Poll survey on behalf
of Recycled Materials Association found that respondents, on average, would be willing to spend 13
percent more for a product if they knew it was easy and convenient to recycle (either via curbside
collection or drop-off center), and 55 percent said they would be willing to spend more for a product if
they knew it was made of recycled materials (Harris Poll, 2014). Among the respondents, 90 percent
agreed that “recycling collection sites need to be more readily accessible to consumers.” And 68 percent
of respondents agreed that “manufacturers and/or retailers should pay for recycling programs when they
are not already available to consumers” (Harris Poll, 2014).

Other studies have found that, in the absence of information on environmental impact, consumers
are willing to pay less for products made of recycled and remanufactured material compared with
products made of new material, because they believe that recycled materials are lower in quality
(Michaud and Llerena, 2011; Pretner et al., 2021). Once informed of the environmental benefits,
consumers no longer have a lower willingness to pay for products made of recycled materials.

Similarly, a Corona Insights (2020) survey found that 88 percent of respondents agreed that “the
recycling system for plastic in the United States needs improvement.” Most respondents (67 percent)
believed that individuals that use plastic, businesses that produce/sell plastic, and government share
responsibility for reducing plastic waste. However, when asked to rank these groups’ responsibility,
businesses were ranked as the most responsible (Corona Insights, 2020). The survey also revealed that
respondents slightly preferred subsidies for reusing and recycling items over banning nonrecyclable
items. Taxes and fees for using nonrecyclable plastics were preferred the least (Corona Insights, 2020; see
Figure 6-9).

6.2.3 Heterogeneity in Consumer Attitudes and Barriers

Consumer surveys reveal diverse beliefs, barriers, and behaviors around recycling at the
household and individual levels. Researchers have examined how these beliefs vary across
sociodemographic, geographic, and psychographic characteristics.

With respect to sociodemographic characteristics, Huber and colleagues (2023) analyzed annual
survey data from 2005 to 2014 for 145,000 participants in the Knowledge Networks-GfK Knowledge
Panel. The authors found that the individual characteristic that is most predictive of recycling support is
educational attainment—individuals with college degrees are more likely to recycle than those with no
college degree. Huber and colleagues (2023) also find that recycling rates grow with age and are higher
among individuals who are White, who vote Democrat, and who are women. In terms of household
characteristics, the authors found that the most important household characteristic is home type, with
households living in a single-family house having higher recycling rates than those living in other types
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of dwellings. Recycling also increases with household income (Huber et al., 2023). To a smaller degree,
higher recycling rates are associated with owning a home, being married, and not having children under
the age of 6 years. These findings have implications for targeted recycling programs and support (e.g., in
counties with lower household incomes). Huber and colleagues’ (2023) findings are supported by other
studies, as compiled by Shaw and colleagues (2014):

Individual characteristics that increase likelihood of recycling:

e  Women (Ando and Gosselin, 2005; Barr, 2007; Harris Poll, 2014; Oates and McDonald,
2006)

e QOlder adults (Barr, 2007; Harris Poll, 2014; Jenkins et al., 2003; Nixon and Saphores, 2009;
Sidique et al., 2010)

e Larger households (e.g., Ando and Gosselin, 2005; Nixon and Saphores, 2009)

e Higher education (Owens et al., 2000; Sidique et al., 2010)
White (Johnson et al., 2004)

Individual characteristics that decrease likelihood of recycling:

e African Americans (Johnson et al., 2004; Nixon and Saphores, 2009)
e Foreign-born Latinos (Johnson et al., 2004)

e Renters (Nixon and Saphores, 2009; Owens et al., 2000)
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FIGURE 6-9 Support for regulations.
SOURCE: Corona Insights, 2020.
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With respect to geographic characteristics, recycling participation is higher in Pacific Coast and
Northeast states than in the South and Midwest states (see Figure 6-2). Recycling rates also vary by
county- and state-level characteristics. Recycling rates increase with a county’s median income,
population, percent White, and population density (Huber et al., 2023). At the state level, recycling rates
increase with tipping fees per ton, the presence of container deposit-return and mandatory recycling laws,
and state spending per person (Huber et al., 2023).

With respect to psychographics, The Recycling Partnership (2022) conducted a qualitative
research study—with in-depth interviews of 24 participants and an online survey of 2,506 adult
participants—to identify distinct types of recyclers or audience segments. They identified five types of
recyclers based on their attitudes and beliefs and the barriers they face with recycling (see Table 6-2).

TABLE 6-2 Five Types of Recyclers
Type of Recycler Percentage Description

Eco activators 25% “They care about the environment, research and share how to
recycle with others, and have overcome inconveniences to do so.
They are hopeful and take pride in their local program but ideally,
they want greater systemwide investment, and clear information.
They are social and civic minded and encourage others to be as
well.”

Committed followers 24% “This straight-forward group feels good about doing their duty for
their community, especially since it helps reduce waste and is easy
for them to do. They are confident they know exactly what to do
and feel they need little additional support but would benefit from
reassurance. They are civic minded but private.”

Discouraged self-doubters 18% “They’re not confident in their knowledge of recycling and feel
negatively toward it, possibly due to key obstacles like confusion
about what and how to recycle, which may be helped with frequent
reminders. They lack confidence, clarity, and an understanding of
why recycling matters.”

Detached abiders 16% “They recycle because it’s convenient and, in many cases, because
it is required or feels like it is. They’re not confident in what to do
and their obstacles lead to negativity. It is as if they are keeping
score. They want to know how recycling benefits them and their
community and don’t want to make an extra effort.”

Conflicted and overwhelmed 16% “This diverse segment agrees that recycling has some benefits, but
they experience many obstacles. In the context of their busy life,
recycling feels important conceptually, but the practical steps
required to do it fall short of being worthwhile. This conflict leaves
them frustrated and worried. They feel judged whether they do or
don’t recycle. They need more information and support on specific
‘to-dos’ from their municipality. It needs to be easier, and they need
to see others doing it as well.”

SOURCE: The Recycling Partnership, 2022.

Geiger and colleagues (2019) performed a meta-analysis of 91 studies on individual and
household recycling and classified the most robust predictors of recycling across studies. The authors
found that behavior-specific factors (e.g., past recycling behaviors and personal norms toward recycling)
were better predictors of recycling than general factors (such as general knowledge about environmental
concerns and general environmental attitudes) (Geiger et al., 2019):
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Factors predictive of recycling behavior:

e past recycling behaviors—whether a person has recycled in the past

e personal norms toward recycling—feelings of moral obligation to engage in recycling

e perceived behavioral control over recycling—degree to which an individual perceives
themself as being able to engage in a certain behavior

e recycling self-identity—degree to which a person sees themself as a person who recycles
their waste

e descriptive norms to engage in recycling—extent to which people think other people recycle
their waste

e attitudes toward recycling—extent to which people evaluate recycling favorably

Factors less predictive of recycling behavior:

e general knowledge about environmental problems—extent to which people know about the
causes and consequences of environmental problems, or know which behaviors cause such
problems

e general environmental attitudes—extent to which an individual is concerned about the
environment in general

e general personal norm—feelings of moral obligation to engage in pro-environmental
behavior generally

Geiger and colleagues (2019) also considered contextual factors such as home ownership,
housing type, number of recycling facilities in the neighborhood, possession of a recycling bin at home,
distance to a drop-off recycling location, and the size of the neighborhood. The authors found that
possessing a recycling bin at home was a strong predictor of recycling.

Similarly, in an earlier meta-analysis of 63 studies, Miafodzyeva and Brandt (2013) found that
personal norms toward recycling (i.e., moral concern), convenience (i.e., how easy it is to understand and
use a recycling program), and information (i.e., an individual’s specific recycling knowledge) are strong
predictors of recycling.

Jacobsen and colleagues (2022) conducted a systematic review of empirical research published
between 2015 and 2020 on plastic packaging waste recycling. They classified drivers and barriers to
recycling as (1) consumer motivation, (2) consumer ability, and (3) consumer opportunity. Jacobsen and
colleagues (2022) summarized their systematic review as follows:

Overall, research suggests that consumers’ PPW [plastic packaging waste] recycling is driven by
their environmental concern and that environmentally related messages can increase their
motivation to recycle. Research on consumers’ ability to recycle mainly uncovered a negative
impact of insufficient consumer knowledge on how to source-separate correctly and also found
that recycling can be increased through better communication. The research on consumers’
opportunity to recycle find that the design of the waste sorting system and its built-in convenience
(in terms of time and effort to recycle) are strong determinants of consumers’ PPW recycling. (p.
73)

Multiple studies in this systematic review found that differences in the waste collection system
account for a substantial portion of differences in recycling rates across municipalities: recycling rates are
higher with curbside collection than drop-off centers (Hage et al., 2018; Hahladakis et al., 2018; van
Velzen et al., 2019), and recycling rates are higher with greater density of drop-off centers (Hage et al.,
2018; Oliveira et al., 2018).
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6.2.4 Attitudes of Local Government About Recycling

Fewer academic studies and opinion surveys have been conducted on the attitudes and beliefs of
local government leaders about recycling. However, a handful of examples do exist, such as the Michigan
Public Policy Survey conducted by the Center for Local, State, and Urban Policy (Horner et al., 2022a,b,
2023). In Michigan, 86 percent of local leaders report that recycling is somewhat or very important to
their community. Additionally, 67 percent of local leaders from jurisdictions with at least some recycling
services are satisfied with the current recycling opportunities available, while only 24 percent of local
leaders from communities with no access to recycling services are satisfied with their lack of services.
Local leaders were more likely to say their community would choose lower taxes and fewer recycling
services instead of higher taxes and more services, but many such leaders expressed uncertainty (Horner
et al., 2022a,b, 2023; see Figure 6-10).

39% 46% 28% 20%
B Strongly agree
37%
28% B Somewhat agree
38% Neither agree nor disagree
41% 30% Somewhat disagree
Z2b | Strongly disagree
Don't know
11% 6% 7%
7% /2% 8% 7%
5% 4%
B=c% | m=fe | 1% (8%

Recycling programs | Recycling programs | Recycling programs | New state and
can help decrease | can help protect can help address | regional recycling

litter and pollution clean water in global climate efforts could boost
in our local Michigan. change. our local economic
community’s development and
environment. job growth.

FIGURE 6-10 Local officials’ agreement with statements regarding recycling benefits.
SOURCE: Horner et al., 2023.

6.2.5 Willingness to Pay for Recycling Programs

People may have different views regarding the benefits of a proposed program and its anticipated
outcomes. In order to assess consumers’ valuation of recycling programs, several studies estimate
willingness to pay, or the maximum price a consumer is willing to pay for a product or service.
Willingness to pay estimates, and their variations across groups, can inform decisions about what policies
or projects to implement. Estimates of average household willingness to pay for recycling services vary
from $1.47 to $28.35 per month (in 2017 USD; see Table 6-3).
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Program 2017 USD/
Authors Year Type Month N Setting Method
Jakus et al. 1996 drop-off $10.00 284 Williamson County, revealed preference,
TN stated/observed behavior
Lake et al. 1996 curbside $7.61 285 Hethersett, South CVM-dichotomous choice
Norfolk, UK
Tiller et al. 1997 drop-off $7.08-$20.51 481 Williamson County, CVM-dichotomous choice
TN with follow-up
Aadland and Caplan 1999 curbside $3.13 401 Ogden, UT CVM-ordered interval
choice
Kinnaman 2000 curbside $12.04 100 Lewisburg, PA CVM-dichotom choice
Caplan et al. 2002 curbside and  $9.17-$13.75 350 Ogden City, UT CVM-contingent ranking
green waste
pick-up
Aadland and Caplan 2003 curbside $8.30-$9.69 1,000 Utah CVM-double-bounded
dic. choice and revealed
pref. stated behavior
Blaine et al. 2005 curbside $1.47-$3.20 2,000 Lake County, OH CVM-single-bounded
referendum and CVM-
payment card
Aadland and Caplan 2006 curbside $4.05-$7.64 4,000 40 Western U.S. cities CVM-double-bounded
dic. choice and revealed
pref. stated behavior
Jamelske and 2006 upgrade to  $4.11-$4.13 301 Madison, WI CVM-double-bounded
Kipperberg automatic/ dic. choice
single stream
Bohara et al. 2007 curbside $7.47 400 Logan, UT CVM-single-bounded dic.
choice
Karousakis and Birol 2008 curbside $5.82/material 188 London, UK Stated preference choice
experiment
Troske et al. 2009 curbside $2.71 600 Lexington, KY CVM-dichotomous choice
Gillespie and 2013 curbside $11.33 600 Brisbane, AU Stated preference choice
Bennett (fortnight modeling
collection)
Berck et al. 2017 drop-off $28.35 1,005 California Stated preference choice

modeling

NOTE: CVM = contingent valuation method.

The methodologies applied to generate the results in Table 6-3 have been used for many years by
scientists, economists, and planners to inform decisions about public perspectives on the benefits and
costs of the decision. These methodologies are often used to place a value on public goods, services, or
programs for which market transactions are not available, and for which social preferences are expressed
indirectly through political decisions. Examples include a proposed program’s associated taxes, budgets,
regulations, approvals, and mandates.

The methodologies chosen can result in nuanced results. For example, the Jakus et al. (1996) and
Tiller et al. (1997) willingness to pay studies examined drop-off centers in Williamson County,
Tennessee. This rural area has households dispersed across wide distances, making curbside recycling
pick-up services prohibitively costly and unavailable. Similarly, garbage collection services are limited
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for some residents. As a result, many households rely on “convenience centers” for both garbage disposal
and recycling. Jakus and colleagues (1996) employed a two-stage model to estimate recycling demand
while accounting for selection bias. They found an average willingness to pay of approximately $10.10
for drop-off recycling services. In contrast, Tiller et al. (1997) used a contingent valuation method (CVM)
to assess consumers’ hypothetical willingness to pay for additional drop-off centers. Their findings
revealed an average willingness to pay ranging from $7.08 for nonrecyclers without curbside trash
collection to $20.51 for recyclers with access to curbside trash pick-up.

The use of CVM to calculate survey estimates of willingness to pay has generated controversy
regarding theoretical issues of (a) how to represent the options and how project attributes can be
substitutes for other commodities, (b) methodological issues of replication validity, (c) evidence that
willingness-to-pay estimates are highly influenced by the options and scales used in the valuation
questions, and (d) ethical issues regarding informed consent for subjects as to how their responses may or
may not be used to support decisions. Examples of these concerns, along with counterarguments favoring
the use of well-designed and well-implemented willingness-to-pay studies, are presented in Box 6-1.
Many argue that CVM and willingness-to-pay surveys—when conducted with clear and simple options,
replication, and pretesting of option descriptions—are the most effective way to gather estimates of
economic benefits applicable across a broad sample of a population. As a result, government agencies
often use these methods to develop and evaluate their management options.

BOX 6-1
Opposition and Support for Contingent Valuation and Willingness to Pay

The following arguments are findings and conclusions from various studies with arguments for or against
contingency valuation methods and willingness to pay.

ARGUMENTS IN OPPOSITION

Willingness to pay fails to capture the complex interaction among economic and ethical attributes:

Among [contingent valuation studies] is evidence that modified lexicographic preferences, where the
substitutability of environmental quality with other commodities is rejected, can be common. Human value
formation with respect to the environment combines ethical and economic aspects in a more complex way
than most economists have assumed. (Spash, 2000, p. 1433)

Lack of quality control, reporting standards, and validity tests:

The currently dominant survey protocols and practices are inadequate. This is most evident from robust
findings that the valuations are heavily influenced by the response options or response scales used in the
valuation questions. The widely accepted survey guidelines do not require the validity tests and reporting
standards that would be needed to make the uncertainty of the results transparent. The increasing use of
inadequate survey results by policymakers threatens to undermine trust in environmental valuation,
environmental policies, and political institutions. (Schldpfer, 2021, p. 1)

Lack of informed consent by subjects regarding use of study results:

Agreeing to participate in a study eliciting environmental values means agreeing to abide by the commitment
implied by any proposal that one accepts or rejects in it. That might mean anything from addressing the gist
of an issue to expressing an explicit willingness to pay for an environmental change. By soliciting such
participation, investigators promise to provide the information that participants need in order to evaluate the
proposals being presented. This paper proposes a standard for providing such information that must be met in
order to conduct valid and ethical value-elicitation studies. Namely, investigators must secure the informed
consent of participants. (Fischhoff, 2000, p. 1439)

continued
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BOX 6-1 continued
ARGUMENTS IN SUPPORT

Contingent valuation estimates are methodologically sound and fit for purpose:

Such surveys are a practical alternative approach for eliciting the value of public goods, including those with
passive use considerations. . . . Although discussions of contingent valuation often focus on whether the
method is sufficiently reliable for use in assessing natural resource damages in lawsuits, it is important to
remember that most estimates from contingent valuation studies are used in benefit—cost assessments. I put
forward an affirmative case for contingent valuation and address a number of the concerns that have arisen.
(Carson, 2012, pp. 28-29)

The method has undergone high-level review and approval, and is often used:

The CVM [contingent valuation method] was debated in a symposium sponsored by the Exxon Corporation,
which led to the creation of a government panel— established by the National Oceanic and Atmospheric
Administration (NOAA) and chaired by two Nobel laureates in economics — to assess the scientific validity of
the CVM. The NOAA panel offered its approval of CVM subject to a set of best-practice guidelines that
influenced the development of the methodology. Nowadays, the CVM is a method widely used in academic
research and in environmental valuation studies. (Ferreira and Marques, 2015, p. 112)

The contingent valuation method is acceptable, but research is needed on ethics, protest behavior, reliability,
and construct validity:

The contingent valuation method (CV) has become a recognised tool for estimating monetary non-market
values. Despite the pragmatic acceptance of CV in policy evaluation, the application of CV-based estimates in
decision-making remains controversial, as critics argue that CV suffers of hypothetical bias and question its
accuracy to reflect non-market values via willingness to pay (WTP) estimates. . . . Our findings suggest that
WTP estimates are suitable to infer the economic value of environmental assets . . . capable of eliciting
rational behaviour from individuals that is free of hypothetical bias. However, hypothetical bias might be
lurking in a less researched area, that of market participation, which calls for a rigorous treatment of protest
behaviour. (Perni et al., 2021, p. 1)

6.2.6 Approaches for Comparing Willingness to Pay and Recycling Costs

The analysis in this report is limited to a direct comparison of the range of costs and willingness-
to-pay values reported in the literature for curbside programs.? As shown in Table 6-3, for the 11 curbside
studies reviewed (spanning locations in the United States, the United Kingdom, and Australia), the
estimated values of willingness to pay ranged from $1.47 to $28.35 per month per household (in 2017
USD). In comparison, our review of curbside cost estimates in Chapter 4 found costs in North Carolina
municipalities ranging from $2.79 per month to $3.75 per month per household (in 2021 USD). These
cost estimates overlap the range of reported willingness to pay in Table 6-3. Similarly, the average U.S.
household time costs estimated in Table 6-1, ranging from $2.62/month to $18.90/month (in 2024 USD),
are within the range of willingness-to-pay values. This comparison provides moderate (though not
definitive) evidence that the elicited benefits in these cases generally exceed reported costs, though
perhaps not by much. This finding for curbside recycling is similar to that of Aadland and Caplan (2006)
who studied 40 western U.S. cities and found that the average unit cost and the average willingness to pay
were nearly identical, though with a high degree of variability around each mean.

2 The willingness-to-pay estimates capture the maximum price an individual is willing to pay for a certain recycling
feature, the perceived benefits, and willingness to pay. It does not include external benefits.
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6.3 STRATEGIES FOR PROMOTING BEHAVIOR CHANGES

Municipalities and researchers have applied various psychological intervention strategies for
promoting household recycling. In a meta-analysis of randomized field studies, Varotto and Spagnolli
(2017) grouped 70 interventions into six types, based on previous work by Osbaldiston and Schott (2012,
p. 272):

1. Prompts and information: providing information on recycling (factual, persuasive, or
merely reminders) to targeted individuals to encourage recycling behavior. Information can
be delivered face-to-face, though written information (in print or online) is more common as
it can reach a considerable number of people with low effort and costs.

2. Feedback: providing either individuals or groups with information regarding their recycling
behavior along with a comparison to a predefined standard, to show the difference between
the standard and their current recycling behavior.

3. Commitment: asking individuals to commit to produce a certain behavior or reach a certain
goal.

4. Incentives: any kind of benefit received by consumers as a result of their participation in a
recycling program (e.g., monetary rewards, refund and unit pricing programs, gifts, prizes,
lottery tickets, discount coupons).

5. Environmental alterations: making recycling more convenient and easier to perform by
modifying the physical environment, for instance by increasing bin proximity or number,
changing bin appearance, or providing home equipment for sorting waste.

6. Social modeling: any kind of passing of information via demonstration or discussion in
which the initiators indicate that they personally engage in the behavior.

Varotto and Spagnolli (2017) found that all six types of interventions increased recycling
behavior on average, but the magnitude of the behavioral change varied substantially across interventions.
Social modeling was by far the most effective intervention technique, followed by environmental
alterations; the remaining groups were about equally effective.

Social Modeling

The assumption behind social modeling is that people learn through observation of the behavior
of their peers. The field studies that examined social modeling recruited community members who
already participated in a recycling program to act as block leaders. These block leaders were then tasked
with modeling proper recycling behaviors and informing and convincing their nonrecycling neighbors to
also participate in recycling. Varotto and Spagnolli (2017) pull from Burn (1991) to posit that social
modeling techniques are effective because they (1) communicate to individuals that their neighbors are
recycling, engendering a social recycling norm, and (2) may lead individuals to perform the behavior out
of a desire for social approval. While social modeling has low costs compared with other techniques, its
effectiveness depends on the extent to which block leaders are present and willing to participate, and the
extent to which residents see themselves as part of the community.

Environmental Alterations

The second most effective strategy was environmental alterations. Varotto and Spagnolli (2017)
suggest that the effectiveness of environmental alterations may be due to the reduced amount of effort
required to recycle and thus the perceived costs of recycling. However, no single bin size and collection

frequency suits all households, and households report wanting to choose their bin sizes depending on their
waste habits and home storage space (Willman, 2015).
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Prompts and Information

Prompts and information are the most commonly tried interventions because of the relative ease
and low-cost nature of disseminating written information via fliers, brochures, and websites that advocate
recycling and explain how, why, and when to carry it out. When lack of information is the main barrier to
household recycling (i.e., households are motivated to recycle but do not know how to recycle), then
simple dissemination of information can lead to changes in recycling behavior (McKenzie-Mohr, 2011).
This situation often occurs at the start of a new recycling program or when the existing program changes
or is particularly complex (Schultz, 2002). However, lack of information may not be the main barrier to
recycling (e.g., the program may be difficult to use). In that case, households can choose not to read the
information provided, and information interventions may not lead to behavioral change. The type of
information provided also matters. Beyond informing households how to recycle and what can be
recycled, some initiatives provide information on the broader benefits of recycling. While some studies
found no additional effects of highlighting the benefits of recycling (Klaiman et al., 2017), other studies
found positive effects of this information (Winterich et al., 2019). Together, these studies suggest that
providing information may not always increase recycling rates, but at least it does not seem to reduce
recycling rates, nor is it particularly costly to implement.

In the domain of food waste, Schiaufele-Elbers and colleagues (2024) found that guests at a
European hotel who were made aware of the food waste problem were responsive to information nudges
on the topic. Messages were posted at the buffet providing arguments for reducing personal food waste,
such as “Use instead of waste—Reduce food waste for a sustainable future,” and “1/3 of all food never
reaches the human stomach. You can help reduce this by wasting less.” Guests reduced their average rate
of food waste generation significantly during the study period (Schaufele-Elbers et al., 2024).

Incentives

Several monetary incentives aimed at encouraging recycling have been used in the United States,
as surveyed in Kinnaman and Fullerton (2000) and Kinnaman (2000). Chapter 3 describes the use of
corrective (“Pigovian”) taxes as a market-based instrument for promoting recycling behavior, essentially
imposing a fine when recycling behavior is not correct.

Another monetary incentive is a deposit-return system, which requires consumers to pay a small
deposit for each eligible beverage container at the time of purchase; consumers can get the deposit back
as a refund when the container is properly returned to a drop-off recycling center. The idea behind this
model is that the potential for a financial return will encourage recycling. See Box 3-3 in Chapter 3 for
more information on incentives via deposit-return systems and Chapter 4 for deposit-return system
policies and examples of their implementation.

While many of the policies mentioned above and discussed in previous chapters are market
based, a few additional policies are available that center on household-level behaviors. These include pay-
as-you-throw policies and fines for illicit dumping and burning. The idea with these methods is to make
garbage collection relatively more expensive than recycling appropriately.

Pay-as-You-Throw Policies

Most U.S. households pay for garbage collection through annual property taxes or a fixed
monthly fee. Thus, they do not pay for each additional bag of garbage they add to their weekly collection.
However, some municipalities have pay-as-you-throw systems, where households pay for the amount of
waste they produce by volume, weight, number of bags (using specially labeled bags or stickers), or
frequency of collection (Gradus et al., 2019). Empirical studies of pay-as-you-throw programs have found
that they are associated with decreases in household disposal of MSW and increases in recycling, such as
in Virginia (Fullerton and Kinnaman, 1996), Minnesota (Sidique et al., 2010), Massachusetts (Starr and
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Nicolson, 2015), Italy (Bucciol et al., 2015), the Netherlands (Dijkgraaf and Gradus, 2017), and South
Korea (Lee, 2023).

Fines for Illicit Burning and Dumping

However, charging a price per bag of garbage may unintentionally provide incentives for illicit
burning and dumping (Fullerton and Kinnaman, 1995). It may also increase the amount of “wish-
cycling,” when households use their recycling bin for waste that is not recyclable, in order to avoid
paying the price for landfill waste. This behavior in turn increases contamination in the recycling stream,
making it more expensive for MRFs to sort. Thus, another policy option is using fines to punish illicit
dumping and burning and improper recycling sorting. In a randomized field experiment, Vollaard and van
Soest (2024) found that informing households about fines for not separating their recycling led to more
than a 10 percent reduction in residual waste.

However, any such fine would require monitoring, enforcement, and administration. If these
behaviors cannot be easily monitored or controlled, then a household subsidy for recycling might provide
more effective incentives for recycling. While subsidies are popular with consumers, as discussed above,
governments must find a way to raise funds to pay the subsidy, which often entails using other taxes,
which could have their own social costs. Additionally, subsidies may raise the amount of wish-cycling (to
gain the subsidy even for nonrecyclable materials). For these reasons, deposit-return programs, discussed
at length in Chapter 4, have been shown to be preferable to pricing garbage collection or subsidizing
recycling collection in most cases (Palmer and Walls, 1997).

Commitment

Varotto and Spagnolli (2017) identified commitment (e.g., someone following through on their
intended behavior or goal to do something) as a highly individual motivator. Some of the eight studies
they examined (e.g., Werner et al., 1995) indicated that garnering commitment is a more effective strategy
than providing information or incentives. However, this strategy would be difficult to implement on a
large scale.

Feedback

More recent studies demonstrate and compare the effectiveness of different types of feedback
campaigns (see Box 6-2; Hewitt et al., 2023; McKie et al., 2024; Schéiufele-Elbers et al., 2024).

Another type of feedback is bin tagging, where haulers put a tag on curbside recycling bins that
are contaminated with nonrecyclable material. Box 6-3 discusses an example of how bin tagging is used
in Seattle. McKie and colleagues (2024) compared recycling quality (as measured by lower contamination
rates) for households that received recycling information only against those that were also penalized for
excessive contamination or missorting. Households that were also penalized for these errors were subject
to temporary loss of their recyclable collection service. The study found that those who were subject to
penalties reduced contamination more than those who were only provided with information (McKie et al.,
2024).

6.3.1 State-Level Policies and Household Behavior

State-level recycling policies vary substantially across the United States (see Figure 6-12). Cecot
and Viscusi (2022) categorized state laws into five types: goal laws, plan laws, opportunity laws,
mandatory recycling laws, and deposit laws. Goal laws are aspirational laws that advocate that local
governments set a recycling goal but have no concrete policy mechanism that will assist in meeting that
goal. Plan laws require municipalities to develop a plan for meeting their recycling goals and to evaluate
their current recycling programs. Plan laws are the most common form of recycling law, implemented in
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15 states. Opportunity laws, the third level of stringency, include laws that require local governments to
implement policies that provide recycling opportunities for households to engage in recycling but do not
mandate that all residents recycle. Finally, mandatory laws require all residents to separate their
recyclable products from other household waste and appropriately recycle those products. Additionally,
some states have deposit laws (i.e., deposit-return systems, discussed in Chapter 4).

BOX 6-2
Social Feedback Case Study

In New York City, Hewitt and colleagues (2023) studied recycling rates among residents of multifamily
buildings. They compared families that received feedback on recycling only in their building (noncomparative
feedback) to families who received feedback regarding recycling both in their own building and in another nearby
building (comparative feedback; see Figure 6-11). Both buildings exhibited increased recycling, providing
evidence for the effectiveness of feedback that appeals to social norms. However, the comparative feedback
information in the left panel of Figure 6-11 showed a greater apparent impact than the noncomparative feedback
in the right panel (Hewitt et al., 2023).
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How does plastic getrecycled? | How does plastic get recycled?

FIGURE 6-11 Sample intervention graphic: Comparative social feedback (left panel) versus noncomparative

feedback (right panel).
SOURCE: Hewitt et al., 2023. CC BY NC ND.

BOX 6-3
Case Study: Bin Tagging as Feedback in Seattle

Given the constantly changing population it serves, Seattle Public Utilities engages in education and incentive
efforts for Seattle’s diverse and growing population; it uses the motto “Educate, educate, educate.” If a
household’s curbside material in a recycling bin is contaminated, educational material is left and the bin is tagged
as contaminated. Then, if the household fixes the contamination in the bin, the items will be collected later and a
fee is charged. Seattle Public Utilities has a group of inspectors that will visit the household to educate and explain
why the item was tagged. On the third time a household’s items get tagged, the utility issues a fine, announced to
the household in a mailer. However, fines are rarely applied, as education typically results in less contamination
and correct recycling behavior.

SOURCE: McKie et al., 2024.
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Viscusi and colleagues (2022) examined how moving between states with more or less stringent
recycling laws impacts a household’s recycling rate. Moving to a state with a deposit-return system
increased the number of material types recycled by households by 41 percent, while moving to a state
with a strict recycling law (either mandatory or opportunity law) increased the number of materials
recycled by 9 percent. Moving out of a state with a deposit-return system decreased the number of
materials recycled by 13 percent, while moving out of a state with a strict recycling law impacted only
recycling of plastic, which decreased by 12 percent (Viscusi et al., 2022).

Green: Mandatory Laws
Blue: Opportunity Laws
Orange: Plan Laws
Yellow: Goal Laws
White: No Laws

Dots: Deposit Laws

FIGURE 6-12 U.S. recycling laws.
SOURCE: Cecot and Viscusi, 2022.

In a related study, Viscusi and colleagues (2023) examined factors beyond state policy that lead
to changes in household recycling behavior. They found that increased market prices for cans and glass
were associated with increases in recycling, but the same was not true for increased market prices for
plastic and paper. Viscusi and colleagues (2023) hypothesized that the financial return that municipalities
can reap from cans and glass, relative to plastic and paper, may “provide an inducement to promote
recycling as a revenue source, and the resources obtained by selling the recycled materials may enable the
municipality to promote household recycling efforts” (p. 4). Additionally, they found that declines in
recycling are associated with large positive or negative household income shocks greater than 20 percent,
moving into an apartment, getting married, and having a baby (Viscusi et al., 2023).
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6.3.2 Increasing Recycling Access Through Business-Led Programs

As noted in previous chapters, access to municipal recycling collection and drop-off locations
varies substantially across regions in the United States, across residential housing types, and across
material types. Private-sector businesses sometimes fill in accessibility gaps by providing alternative
collection programs. For instance, Ridwell® provides a subscription service to collect items from
subscribers’ doorsteps that are traditionally not accepted in municipal recycling programs, such as
multilayered plastics, plastic films, batteries, and lightbulbs. And Terracycle® collects hard-to-recycle
materials via mail; customers purchase from the company a Zero Waste Box, which they can fill and ship
back to the company. NexTrex’ provides drop-off locations for recycling plastic bags and film in major
retailers such as Kroger, Albertsons, Meijer, and Kohl’s. More research and data are needed on the extent
to which these business-led programs increase recycling access and recycling rates.

Nespresso is an example of a company trying to foster recycling partnerships between households
and businesses. In New York City (and Jersey City in the near future), households may dispose of their
aluminum Nespresso capsules into the blue recycling bins. In addition, these aluminum capsules can be
recycled across the entire country if consumers order a bag that they fill with used capsules and the filled
bags are mailed via the post service for recycling.®

6.3.3 Available, Convenient, and Accessible Infrastructure

To assess whether recycling is convenient for consumers requires an understanding of how
consumers define convenience for a given recycling option. Consumer recycling convenience for a
curbside program includes the time and space needed to sort and store materials. Consumer recycling
convenience for drop-off programs involves transportation costs, as most of the existing drop-off centers
are located outside city limits. However, some drop-off recycling centers have the benefit that consumers
get paid when they redeem their recyclables (e.g., states with container deposit-return laws).

For drop-off options, identifying attributes of a visit that consumers value is key. Berck and
colleagues (2021) found that consumers in California generally find drop-off recycling centers convenient
when they are close to home, open at convenient times, and have short lines. Drop-off recycling centers in
California seem to meet this definition for typical users, who tend to have lower levels of income and
education. Those who do not choose to recycle at drop-off centers tend to be more affluent and hence may
not find the money gained at drop-off centers to be worthwhile. Instead, they choose to recycle through
curbside collections and at businesses (Berck et al., 2021).

Beatty and colleagues (2007) consider what would happen to overall recycling rates in California
if access to curbside pick-up services were extended to more consumers. Using a panel regression
framework, where material recycled is regressed on share of the population with access to curbside
services, they found that marginal gains from extending these services would be small, as they would
mostly induce consumers switching from drop-off to curbside recycling (Beatty et al., 2007). Best and
Kneip (2019) found that a curbside scheme in Germany had no effect on paper recycling but increased
recycling participation by 1025 percentage points for plastic and packaging. In the United Kingdom,
Abbott and colleagues (2017) found that the findings on the trade-off between recycling via curbside or
noncurbside methods are ambiguous.

Berck and colleagues (2024) simulated the elimination of government-subsidized recycling drop-
off centers, finding that closing them would not significantly alter consumer well-being for any major
demographic group and would have little impact on whether households chose to recycle, given
households could switch to nonsubsidized recycling drop-off centers and/or curbside recycling.

3 See https://www.ridwell.com.

4 See https://www.terracycle.com/en-US.

5 See https://nextrex.com.

¢ See https://www.nespresso.com/us/en/circularity.
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6.3.4 Community and Household Campaigns to Address Inconsistencies Across Programs

As discussed earlier in this chapter, misleading product labels, such as the chasing arrows
symbol, are being used on products that are not accepted by most MRFs in the United States (EPA, 2023).
For instance, many consumers are confused by on-product resin identification codes, which use the
chasing arrows symbol around a number 1 through 7, as an indicator of a product’s recyclability.
However, resin identification codes indicate only the type of resin (e.g., PET, high-density polyethylene
[HDPE], polypropylene) and not whether a product is widely recyclable. Section 6.7.1 discusses federal
guidelines to restrict the use of the chasing arrow symbol on products and packaging.

BOX 6-4
Case Study: Seattle’s Online Recycling Search Tools

Seattle offers recycling information for households with the “Where Does It Go” online search tool; this tool
provides, in many languages, information about how to dispose of household waste items properly (see Figure 6-
13).

Report Problem w | ] Bill Assistance w [ m

Seattle Public Utilities

Your Services Protecting Our E v Neighborhood Projects ~  Construction Resources

Sorting guidelines for recycle, compost,
Where Does It Go? Tool it

Look up information on how to properly dispose of items. Type the item in
the search bar or scroll through the A to Z list below for all disposal options,

Many items have different names and we can't list them all. If you don't find
your individual item on the list below, try using categories or search

FIGURE 6-13 Screenshot of the online tool offered by Seattle Public Utilities.
SOURCE: Seattle Public Utilities, see https://www.seattle.gov/utilities/your-services/collection-and-
disposal/where-does-it-go#/a-z.

Confusion also arises because the items that can and cannot be collected for recycling may differ
from state to state, city to city, and even household to household. For instance, in Champaign, Illinois,
households contract individually with one of four curbside collection haulers, with some haulers taking a
larger variety of recyclable materials than others (City of Champaign, n.d.). In the bordering town of
Urbana, Illinois, all curbside recycling collection is handled through one service, which has a list of
recyclable materials that differs from those in Champaign (City of Urbana, n.d.). Complicating matters
further, the largest employer in Champaign-Urbana, the University of Illinois, operates a Waste Transfer
Station and has its own list of recyclable materials. For instance, plastic shopping bags can be put out for
recycling collection in Urbana, but not for some of the haulers in Champaign or at the University of
Illinois. Plastics with resin numbers 3—7 are collected for recycling in Urbana and Champaign, but not at
the University of Illinois. Section 6.7.1 later suggests a policy option for supporting and evaluating a
national recycling label standard that would provide accurate information on which products are widely
recyclable across the United States and which products require checking locally.
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One avenue for addressing this confusion is community-based information campaigns. This
approach could mean offering funding to local governments to develop materials about how residents can
recycle in their specific neighborhood and residence type. For instance, the State of Delaware (n.d.)
developed on online tool called Recyclopedia, where households can enter their address and find out what
can be recycled in their neighborhood and how to recycle it. The State of Florida (n.d.) has a website
called Rethink, Reset, Recycle; it discusses various types of recyclable materials and points to the contact
information of county recycling coordinators for questions and concerns about what residents can recycle.
Local governments, especially in municipalities where residents all have the same access to recycling,
also distribute information on what can and cannot be recycled; for example, see the “What Can I
Recycle?” website provided by Hamilton County, Ohio (Hamilton County Environmental Services, n.d.).
Box 6-4 provides a case study on the online tools provided in Seattle, Washington.

Private companies are also beginning to provide more information to households. For instance,
Recycle Coach’ is a mobile app that provides users with fast information about their local recycling
program, including personalized recycling schedules, pick-up reminders, and information on what goes
where. Recycle Coach has the goal of making recycling education fun, simple, and engaging. However, as
with many crowdsourced mobile apps, Recycle Coach works best when more users verify that the local
information is correct. Thus, these types of mobile apps may not be effective in places where recycling
rates are currently low.

6.3.5 Targeted Programs for Different Demographics

As discussed earlier in this chapter, surveys and academic studies consistently find differences in
recycling rates and recycling attitudes across demographic groups. For instance, groups found to be less
likely to recycle include renters, those with lower levels of formal education, smaller households, younger
adults, men, foreign-born Latinos, and African Americans (Shaw et al., 2014). Efforts to calibrate
campaigns to the specific characteristics of the groups they target (e.g., providing informational material
in Spanish in neighborhoods with high Spanish-speaking populations; using forms of media preferred by
different demographics) can strengthen campaigns and make them more effective (Varotto and Spagnolli,
2017). While some groups (especially older adults and homeowners) with medium to high recycling rates
are motivated to recycle for environmental reasons and for concern about neighborhood cleanliness, those
with low recycling rates are more motivated by convenience (Shaw et al., 2014) and understanding how
to recycle (Varotto and Spagnolli, 2017). In neighborhoods with high turnover of residents, social
modeling and norm initiatives may be less effective, since social modeling works best when residents see
themselves as part of the community (Schultz et al., 1995). Thus, ascertaining convenience and
information needs for low-recycling populations, as well as social norms, is an important first step for
campaigns targeting these groups.

Rural recycling is characterized by long hauling distances, sometimes four times those of urban
and suburban areas. Low population density in rural areas results in lower waste generation and high
usage of burn barrels. While recycling efforts in rural areas predominantly uses collection boxes scattered
throughout large areas of rural counties, maintenance problems associated with those boxes have driven
most programs to switch to staffed convenience centers, where both recyclables and mixed waste are
collected for transport to more distant landfills. However, rural programs face challenges in finding
markets for the materials they have collected, because of low market value and long distances to markets.
Thus, efforts are necessary to find and create new markets close to home (Link and Stoke, 2021).

Funding can be tailored to enhance incentives for different demographic groups. For example, in
the National Strategy for Reducing Food Loss and Waste and Recycling Organics (White House, 2024),
substantial funding is available for tribal communities and communities with environmental justice
concerns. More research specifically examining how groups with low recycling rates respond to recycling
campaigns is needed. For instance, Lakhan (2016) examined how first-generation ethnic minorities

7 See https://www.recyclecoach.com/solutions/home.
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respond to different types of recycling promotion and education campaigns used by municipalities in
Ontario, Canada. Lakhan (2016) found that none of the recycling campaigns tested were able to increase
recycling awareness or change recycling behavior among first-generation ethnic minorities. Participants
reported that the campaigns were excessively complex and confusing, and they were skeptical of what
municipalities did with the waste after it was collected. This study shows that (1) municipalities may need
to rethink and redesign recycling initiatives to better engage minority communities and (2) more research
is needed on what types of campaigns are effective in minority communities (Lakhan, 2016).

6.4 OVERVIEW OF SOCIAL IMPACTS

Social impact generally refers to the range of consequences, positive or negative, that affects
communities (Jena and Ahmed, 2024). The social impacts of waste management span public health,
community well-being, and economic opportunities, encompassing both intended and unintended effects
on society (Aktar, 2023). Current waste management literature often focuses on environmental and
economic aspects, leaving gaps in understanding of some broader social dimensions, such as equity and
inclusion (Douglas, 2012; Martuzzi et al., 2010).

Frameworks such as the United Nations (n.d.) Sustainable Development Goals (SDGs) highlight
the need for standardized social impact assessments across contexts, as discussed below, but no single
framework is specific to waste management. Insights from environmental justice and social cost
perspectives shed light on issues of equity and public health, but these perspectives rarely address the full
scope of social impacts in waste systems (Murphy, 2010; Sharma et al., 2021). The World Bank’s
framework—emphasizing inclusion, cohesion, resilience, and process legitimacy—suggests a holistic
approach that can guide future assessments of waste management’s social effects (Haregu et al., 2016;
WHO, 2023).

The following sections explore these frameworks, underscoring the need for a more integrated
approach to evaluating the social dimensions of waste management comprehensively.

6.4.1 Defining Social Impact

The term social impact refers to the consequences of any action that affect society, which can be
positive or negative, intended or unintended (Freudenburg, 1986). The term has multiple definitions, with
no consensus reached on a universal definition (Marc and Ponikvar, 2022). Scholars note that the social
impacts of waste management are predominantly linked to the environment and economy and that other
dimensions, such as equity and well-being, are not considered separately. The lack of a clear definition
for social impacts trickles down to social waste management scholarship (Hird, 2022). Some of the well-
studied impacts of waste management include those on health and livelihoods (Ma and Hipel, 2016). For
instance, waste management practices can impact the health of individuals living near landfills because of
the release of hazardous substances into the environment. Waste management systems can also impact
livelihoods by creating or diverting jobs from recycling plants or their automation.

Social impacts can be complex and diverse. As such, they need to be studied using common
language and assessment criteria. International frameworks, such as the SDGs and the European Pillar of
Social Rights, provide a set of guidelines and targets that help to standardize evaluation of social impacts
across different contexts (European Commission, n.d.; Marc and Ponikvar, 2022). As discussed below,
these frameworks emphasize various social dimensions, including poverty alleviation, education, health,
and equality, as well as the environment or, more specifically, waste management. In addition, they aim
to guide countries and organizations in achieving sustainable and equitable development. However, no
single framework can measure all social impacts of waste.

Academic literature on environmental justice explores the relations between environment and
society (Chowkwanyun, 2023). It categorizes social impact into two broad areas: equity, which concerns
the distribution of resources, and procedural justice, which relates to the fairness of processes.
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Environmental justice waste studies tend to focus on the geospatial patterns of landfills or hazardous
waste sites and the socioeconomics of nearby communities (Heiman, 1996).

The social cost literature, originating from environmental economics, also offers insights about
social impacts. It assigns a monetary value to externalities, or indirect social impacts such as emissions.
Typically, this is limited to the social cost of public health or livelihoods. Impacts related to labor in
recycling and the well-being of informal recyclers are understudied (Dauvergne and LeBaron, 2013). Like
practitioner literature, academic scholarship on the social impact of waste has been limited to an
environmental lens instead of a societal lens.

6.4.2 Social Impact Frameworks

The World Bank posits that no single measure of social impact is universally accepted (Ballon
Fernandez and Cuesta Leiva, 2024). It suggests that any holistic measure should account for four main
dimensions: inclusion, cohesion, resilience, and process legitimacy. These dimensions provide a holistic
framework for assessing social impacts, including those related to waste management. An inclusive
society ensures access for all to markets, services, and spaces, allowing everyone to thrive. A resilient
society can withstand shocks and stresses. A cohesive society has a shared purpose and trust, enabling
collective action toward common goals. Process legitimacy refers to the fairness and credibility of the
policies and programs implemented, which is crucial for public acceptance and participation (Ballon
Fernandez and Cuesta Leiva, 2024).

Despite its comprehensive nature, this framework has not yet been applied to waste management.
Scholars have an opportunity to define social dimensions for waste and to create a framework that can be
used to explore the social aspects of waste and recycling. Table 6-4 summarizes some ways that the key
social dimensions identified by Ballon Fernandez and Cuesta Leiva (2024) can be applied to waste
management for a more comprehensive assessment. The indicators in the table were adapted from their
original study for waste management and recycling. These indicators provide examples of how the social
impact of waste management has been studied in the practitioner literature or academic literature (Ballon
Fernandez and Cuesta Leiva, 2024). For example, The Recycling Partnership (2024) summarized how
access to recycling differs across communities in the United States.

TABLE 6-4 Social Dimensions in Waste Management

Dimension Indicator Examples of Studies

Inclusion Access to recycling programs and recycling infrastructure The Recycling Partnership (2024)
across different socioeconomic groups
Proportion of the population with regular waste collection services The Recycling Partnership (2024)
Involvement of marginalized groups in decision-making Petts (2002)

related to waste management

ADA-compliant and multilingual recycling information on product labels Anton et al. (2020)

Cohesion Level of information shared among households

Ease of coordination among stakeholders in the waste life cycle

Community participation rates in waste reduction and recycling Folz and Hazlett (1990); National
initiatives Recycling Survey (1990)
Degree of collaboration between various stakeholders in the waste Lintz (2015)

management system

Resilience The flexibility of waste management systems to adapt to changes in wasteEPA (2024)
volume or composition

The ability of recycling markets to continue operating during extreme
disruptions

Risks from the waste management system

continued
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TABLE 6-4 continued

Dimension Indicator Examples of Studies
Process Public participation in waste management systems Bernstein (2004); EPA (2023)
Legitimacy (Note: Limited to hazardous waste);

Wiedemann and Femers (1993)

The level of transparency in the waste management policy formulation
process

Public access to information regarding waste management practices and The Recycling Partnership (2024)
policies

Existence of formal grievance mechanisms for stakeholders to raise
concerns about waste management.

SOURCE: Generated by the committee, adapted from Ballon Fernandez and Cuesta Leiva, 2024.

Additional frameworks have been developed for assessing and measuring the social aspects of
development and well-being, which could be applied to the study of the social impacts of recycling and
other waste management:

L.

Global Indicator Framework for the SDGs: Adopted in 2017, the SDGs framework consists
of 17 goals and 169 targets, measured through 232 individual indicators. This framework is a
comprehensive approach to sustainable development, covering a wide range of social issues
such as poverty, education, gender equality, and health. It includes Goal 12, which focuses on
ensuring sustainable consumption and production patterns. Indicator 12.4 specifically targets
the environmentally sound management of chemicals and all wastes throughout their life
cycle. Indicator 12.5 aims to reduce waste generation substantially through prevention,
reduction, recycling, and reuse.

OECD Framework to Measure Well-Being: Through its Better Life Initiative, the
Organisation for Economic Co-operation and Development (OECD) has developed a
methodology to measure each OECD country’s distance from the SDG targets. The
framework aims to support countries in understanding their progress and identifying critical
focus areas. It includes environmental quality as a key dimension of well-being, with waste
management as a critical component. Indicators related to waste include recycling rates and
waste generation.

Equal Measures 2030 SDG Gender Index: Launched in 2018, this index measures progress
on the gender equality aspects of the SDGs. It aggregates gender-related goals into a single
measure, providing insights into the status of women and girls in various countries. While
this index focuses on gender equality, it includes SDG targets that relate to waste
management, such as SDG 6 (clean water and sanitation) and SDG 11 (sustainable cities and
communities), which encompass waste treatment and pollution reduction.

European Pillar of Social Rights (EPSR): The EPSR is a set of 20 principles and rights
essential for fair and well-functioning labor markets and welfare systems in the European
Union. Introduced in 2017, the EPSR is monitored through the Social Scoreboard, which
assesses member states’ progress in relation to the Pillar. While the EPSR primarily addresses
social and employment issues, waste management can be related to its principles indirectly,
through the promotion of a circular economy and sustainable work environments, which are
part of the broader EU sustainability strategy.

Social Progress Index: Developed by the Social Progress Imperative, this index measures the
capacity of a society to meet the basic human needs of its citizens, enhance the quality of
their lives, and create conditions for individuals to reach their full potential. The index
includes 12 components that focus on actual life outcomes in areas ranging from shelter and
nutrition to rights and education. This index includes components such as access to basic
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knowledge and environmental quality. Waste indicators may be reflected in the measurement
of pollution levels and the effectiveness of waste management in contributing to a healthy
environment.

6. Happy Planet Index: Introduced by the New Economics Foundation in 2006, this index
describes human well-being and environmental impacts. It combines subjective well-being,
life expectancy, inequality of outcomes, and ecological footprint to show how efficiently
residents of different countries use environmental resources to lead long, happy lives. This
index’s ecological footprint component directly relates to waste indicators, as it measures the
resources used by a country, including waste production and management. It reflects how
waste impacts the overall sustainability of a country’s lifestyle.

7. Sustainable Society Index: Developed by the Sustainable Society Foundation, this index
broadly covers sustainability based on the three-pillar model of human, environmental, and
economic well-being. The human well-being dimension, representing the social pillar,
includes basic needs, personal development, health, and a well-balanced society. The index
comprises 24 indicators across seven categories, providing a comprehensive assessment of a
society’s sustainability. The human well-being dimension of this index can be associated with
waste indicators through the basic needs category, which would include sanitation and waste
disposal facilities, as well as through the health category, which is affected by waste
management practices.

Each of these frameworks offers a unique perspective on assessing waste management from a
social perspective and emphasizes the importance of considering a wide range of social dimensions. Each
serves as a valuable tool for policymakers, researchers, and practitioners for measuring and improving
social outcomes, ensuring that development efforts lead to a more equitable and sustainable future for all.
In their review of several additional frameworks, Gionfriddo and Piccaluga (2024) emphasized that these
models lack scientific rigor and flexibility.

While frameworks can be helpful individually, it is essential to develop a standardized framework
to be used across multiple settings and scales, including firms and local governments. Such
standardization would enable scholars, practitioners, and policymakers to share a consistent
understanding of the social dimensions critical to these systems.

6.4.3 Social Impacts Considerations for Value Chain Actors

Social impact studies on waste management have traditionally concentrated on the direct impacts
at the point of waste treatment, such as health outcomes from toxic leakage and livelihood effects from
recycling centers. While important, these do not account for the entire waste life cycle.

A product’s waste life cycle includes choices and outcomes with significant social implications,
including product design choices, consumer purchase and disposal choices, material recovery, material
treatment, and material reuse (Hafsa et al., 2022). Hafsa and colleagues (2022) describe how decisions at
each of these value chain stages impact end of life waste.

Building on the waste life cycle concept, each value chain stage has social impacts. For instance,
the way products are designed can either facilitate or hinder recycling and reuse, impacting the volume
and toxicity of waste and, ultimately, public health (Fullerton and Wu, 1998). Retailers influence
consumer choices through packaging options and marketing, which can either promote sustainability or
contribute to a throw-away culture. Consumer purchasing decisions—often based on price, convenience,
or brand loyalty—directly affect the amount and type of waste generated. Additionally, the way
consumers dispose of products—whether through recycling, composting, or simply discarding—can be
influenced by social norms, education, and the accessibility of waste management infrastructure (as
described earlier in this chapter). Finally, social impacts considerations are relevant to waste treatment
methods and the functioning of recycling markets (see Chapter 5). These markets are shaped by a
complex interplay of social, economic, and policy factors that determine who participates and who
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benefits. A comprehensive approach to social waste studies that encompasses the entire waste value chain
would provide a more holistic understanding of the social impacts at each stage and offer insights into
more effective interventions for sustainable waste management.

It would be important, however, to consider the key social dimensions for each value chain actor.
To identify some research opportunities for holistic social impact research on waste management and
recycling, the committee combined the key social dimensions identified by Ballon Fernandez and Cuesta
Leiva (2024) with the waste value chain decision-making framework shown in Table 6-5. Potential
research questions are identified for each value chain stage and social dimension. For example, at the
product design stage, what sort of considerations can influence inclusion, resilience, social cohesion, and
process legitimacy, which will trickle down into waste management? These questions indicate that while

the problem-framing remains similar, the nature of the value chain stage impacts the sort of action that
can be taken to promote a healthy social impact.

TABLE 6-5 Potential Research Questions for Assessing the Recycling Value Chain and Its Social Impact

Inclusion

Resilience

Social Cohesion

Process Legitimacy

Product design: The
design must be
recyclable,
compostable, or
reusable.

Consumer behavior:

The consumer must
place it in the
appropriate material
recovery channel.

Material recovery:
Convenient and
efficient channels are
necessary for
successful material
recovery.

Material treatment:
It must be profitable
to recycle or compost
recovered material.

How does inclusive
product design impact
the use and
acceptance of waste-
based products by
various demographic
groups?

What barriers do
marginalized
communities face in
accessing recycling
facilities, and how can
these be overcome?

How can material
recovery channels be
designed to
accommodate the
needs of diverse
populations, including
people with
disabilities, low-
income households,
and non-English
speakers?

What barriers do
small businesses and
informal waste
pickers face in
participating in
profitable recycling
ventures, and how can
these barriers be
reduced?

What design
principles are most
effective in creating
products whose waste
is adaptable to
changing
environmental
conditions?

How do consumers
adapt their waste
disposal and recycling
behaviors in response
to changes in local
recycling policies or
infrastructure?

What roles do
consumer education
and awareness play in
maintaining resilient
material recovery
practices?

What strategies can be
implemented to make
recycling businesses
resilient to market
fluctuations and
changes in demand
for recycled
materials?

How can product
design for waste
strengthen social ties
and collective action
within communities?

How does community
involvement in
recycling initiatives
influence individual
consumer behavior
toward waste
disposal?

How do social
networks and
community
organizations
contribute to the
promotion of effective
recycling practices?

What impact do local
recycling cooperatives
have on fostering
social cohesion and
improving economic
outcomes?

What are the ethical
considerations in
product design for
waste, and how do
they impact process
legitimacy?

What factors
influence consumers’
trust in the recycling
process and their
willingness to
participate in proper
waste sorting?

What is the role of
clear communication
and information
dissemination in
establishing the
legitimacy of material
recovery channels?

What roles do
certifications and
standards play in
legitimizing recycling

operations and enhancing

profitability?

SOURCES: Generated by the committee, using dimensions from Ballon Fernandez and Cuesta Leiva, 2024, and

Hafsa et al., 2022.
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6.5 COMMUNITY IMPACTS

Recycling programs play a pivotal role in enhancing community cohesion and resilience, with
impacts that reach beyond environmental benefits to foster social and economic value. Effective recycling
initiatives encourage local participation and shared responsibility, helping to establish recycling as a
community norm. Through outreach and education tailored to diverse populations, these programs
promote widespread engagement and support long-term behavioral shifts toward sustainability. In smaller
communities, such targeted efforts have proven particularly effective, where interpersonal connections
can amplify community involvement.

6.5.1 Awareness and Education Initiatives

In a Pew Research Center poll (2016), 28 percent of Americans reported that their community’s
social norms strongly encourage recycling and reuse, while 22 percent reported that most people in their
community do not encourage recycling. The remaining 48 percent reported being somewhere in the
middle (Pew Research Center, 2016).

Communication strategies related to implementing waste management systems need to focus on
raising awareness while allowing for the consistent and effective flow of information between local
authorities and the local community. In addition, education efforts are needed at recycling facilities to
ensure that the quality of recycling materials meets end-user buyers’ quality requirements (see Box 6-5).

BOX 6-5
Case Study: Quality Disconnect Between MRFs and Wisconsin End Users

Some materials recovery facilities (MRFs) are not paying adequate attention to the quality of the collected
materials they are trying to market, as seen in examples of steel cans leaving recycling facilities (the MRFs) and
going to Wisconsin foundries (the end users). The recycled materials arrived contaminated with shredded paper,
engine parts, plastics, and the materials that were picked up when the cans were processed (Burgert, 1993). Local
governments could engage in education to improve MRF management, especially in rural areas, to make sure they
can meet the quality requirements of end users’ recycled can markets, which is the most profitable material for
rural areas. The Wisconsin Department of Natural Resources® has implemented initiatives aimed at improving
recycling programs that can help address the quality and marketability of recyclables such as the Wisconsin
Recycling Markets Directory.”

“ See https://dnr.wisconsin.gov/topic/Recycling.
b See https://www.uwgb.edu/recycling.

6.5.2 Reducing Public Health Risks

Research has documented reduced exposure to litter, leakage, or waste in general due to recycling
behavior. For instance, Deeney and colleagues (2023) conducted a meta-analysis of studies focusing on
consumer plastics in high-income countries. Their evidence suggests that the health risks of plastic use
and improper disposal could be reduced by increasing recycling. And other studies have shown that
leakage from landfills can be toxic to groundwater and nearby populations, particularly where landfill
design and operating requirements are insufficient (Alslaibi et al., 2011; EPA, 2001; Regadio et al.,
2012); thus, diverting recyclables from landfills can improve groundwater quality and human health of
nearby residents.
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6.5.3 Creating Value from Recycled Materials

Local communities have developed efforts to reduce the need to dispose of recyclable materials
and create alternative uses for recycled or remanufactured materials (see Boxes 6-6 and 6-7). Examples
include using old newspapers for soil preparation and animal bedding (Bond, 2017) and reusing glass as
aggregate in paving materials (Harrison et al., 2020).

BOX 6-6
Case Study: The Minnesota-Based Wood From the Hood

Minnesota uses its recycling development program to support local businesses that use recycled materials
from local waste in their business model. An example is Wood From the Hood (2024), which “was born with a
simple idea: Reclaim discarded trees from local neighborhoods to create beautiful, high-quality hardwoods.”

BOX 6-7
Case Study: Community-Centered Recycling in Phoenix

The City of Phoenix launched the Circular Plastics Microfactory in partnership with Arizona State University
(ASU), Goodwill of Central and Northern Arizona, and Hustle PHX (Kass, 2024). This initiative aims to recycle
plastic waste into valuable products such as skateboards, furniture, and durable plastic components.

The facility consolidates multiple processes (plastic collection, processing, and remanufacturing) in one
location. Plastic waste sourced from Goodwill serves as raw material for future projects, ensuring a steady supply
chain. ASU plays a pivotal role in the design process through its Circular Living Lab, which tests and develops
products made from recycled plastics. Hustle PHX contributes by supporting minority entrepreneurs through
financial capital and training programs. This partnership underscores the potential of shared goals and collective
action in creating a sustainable future.

The microfactory addresses pressing environmental challenges while fostering economic growth and job
creation for the community. The facility currently employs 10 workers, equipping them with valuable skills and
generating economic opportunities within the community.

This approach exemplifies the power of collaboration between institutions committed to sustainability. By
integrating sustainability practices with economic resilience, the Circular Plastics Microfactory serves as a model
for other cities, proving that local initiatives can drive global change while benefiting communities directly.

6.5.4 Creating Jobs

Since 2014, MRF operators have increasingly adopted automation, robotics, and artificial
intelligence in mechanical recycling processes, most commonly in sorting. While several of these
technologies replaced human labor, in some cases automation was implemented because a shortage of
sorters (Pyzyk, 2019).

While waste disposal has traditionally involved labor in the garbage collection and landfilling
industries, Morris and Morawski (2011) found that the number of jobs created by disposing of material
pales in comparison with the job creation potential in the circular economy through reuse, recycling, and
remanufacturing.

6.6 PURSUING FAIRNESS IN ACCESS TO BENEFITS OF RECYCLING
Environmental justice considerations in recycling involve ensuring that all communities have fair
access to waste management services, including convenient recycling facilities and infrastructure for

waste sorting and recovery. Environmental justice includes addressing disparities in service availability,
such as differences between public and private facilities, and ensuring that decision-making processes in
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waste management are inclusive and transparent. Expanding the extensive research on environmental
justice to include the impact of recycling and waste management policies on vulnerable communities can
help create more effective recycling systems.

6.6.1 Environmental Justice in Recycling Services

Environmental justice in the context of recycling and waste management focuses on two primary
approaches: equity and justice. These approaches aim to address the fair distribution of waste
management resources and just processes for their allocation. Despite the importance of these issues,
scholarship has been limited on how environmental justice intersects with waste and recycling, compared
with areas such as emissions and infrastructure. This section explores the current trends in environmental
justice related to waste management, the existing gaps in the literature, and directions for future research.

Equity in waste management includes the fair allocation of segregated recycling collection
centers, the establishment of recycling markets, the placement of MRFs, and the availability of services
for collecting hard-to-recycle waste. It ensures that all communities, regardless of income or race, have
access to facilities and services that allow them to manage waste responsibly. Without equity, low-income
and marginalized communities often face the brunt of poor waste management practices, leading to
increased exposure to pollution and health hazards.

Procedural justice in waste management focuses on fairness of the processes used to allocate
resources and manage waste, including transparent decision-making, inclusive participation, and
accountability in setting up waste management systems. Procedural justice ensures that community
members have a voice in decisions that affect their environment, particularly in marginalized
communities that have historically been excluded from such processes. By incorporating procedural
justice, waste management practices can be made more democratic and reflective of the needs and rights
of all community members.

According to Chowkwanyun (2023), the environmental justice literature has focused
predominantly on issues of income and race, environmental emissions, and infrastructure (e.g., schools,
highways). The existing literature has effectively identified reasons for disproportionate exposure to
environmental harms and issues of mitigation and maldistribution. However, relatively little literature has
been devoted to environmental justice issues specific to MSW and recycling. Several critical areas are in
need of further research:

1. Policy decisions and regulations: Given a gap in understanding of how policy decisions and
regulatory frameworks shape waste management practices, the literature often fails to address
how different policies may lead to unequal outcomes in waste distribution and exposure.

2. Demographic transformations: Changes in population demographics, such as urbanization
and aging, have significant impacts on waste generation and management. The environmental
justice literature has not adequately explored how these transformations affect waste
management practices and the resulting effects on justice.

3. Migration patterns: The movement of populations, whether due to economic opportunities or
environmental displacement, affects waste management. But little research has tried to
understand the intersection between migration and waste management from an environmental
justice perspective.

4. Political arrangements: The role of local, state, and national political structures in shaping
waste management policies and practices is another area not thoroughly examined. Political
arrangements can influence how resources are allocated and which communities are
prioritized.

5. Corporate behavior: The actions of private corporations, which often manage waste facilities,
play a crucial role in waste management practices. The environmental justice literature has
not fully addressed how corporate behavior influences environmental justice outcomes,
particularly in terms of waste management.
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To address these gaps, future research needs to focus on broader social impacts and historical
accounts of policies that explain modern-day problems. Understanding the historical evolution of
recycling infrastructure and policies can shed light on current disparities in waste management. By
examining how past policies and practices have led to present-day issues, researchers can better identify
pathways for more equitable waste management systems. The following research questions could guide
such studies:

e How have historical waste management policies impacted different communities over time?
How have race and socioeconomic status influenced the placement of landfills, incinerators,
and recycling centers? What historical policies or practices led to these patterns?

e What are the long-term health impacts on communities that were historically exposed to poor
waste management practices?

Environmental justice research has often been closely related to litigation, which has been a
crucial tool for addressing disparities. Ongoing litigations or government accounts of waste management
practices can provide valuable insights into the systemic issues that lead to unequal outcomes. For
instance, the United Church of Christ (1987) highlighted that communities of color disproportionately
bore the burden of exposure to toxic waste. And a study by the U.S. Government Accounting Office
(1995) identified spatial patterns of landfill and hazardous waste locations along race and income. These
studies underscore the importance of using litigation and governmental research to uncover and address
environmental injustices in waste management. Some questions to consider:

e  What waste-related litigation has led to significant policy or regulatory changes?
How do federal and state policies differ in their approach to environmental justice litigation?
e Are disparities in litigation outcomes based on the demographics of the plaintiffs? How do
these disparities reflect broader societal inequities?

Addressing these gaps requires a focus on equitable distribution of waste management resources
and just processes for decision-making. By expanding the scope of environmental justice research to
include waste management, policymakers and scholars can develop more comprehensive strategies for
ensuring that all communities are treated fairly in the distribution and management of waste.

6.6.2 Sources for Environmental Justice—Related Data

Two data sources have been developed for understanding the social impacts of waste
management. After describing each one, the committee offers suggested questions for guiding research
using the data offered in these sources.

EPA’s Interactive Recycling Infrastructure and Market Opportunities Map

EPA’s Interactive Recycling Infrastructure and Market Opportunities Map® offers a detailed
overview of waste management facilities across the United States, supporting the goals of the National
Recycling Strategy and the Bipartisan Infrastructure Law. This map provides information on existing
recycling infrastructure, per capita waste generation, and recycling rates for postconsumer materials,
along with other market-related factors.

By mapping these details, the tool aims to bolster both primary and secondary markets for
recyclable materials, promote cleaner communities by reducing landfill waste, and support climate change
initiatives by diverting waste from landfills. The map covers all stages of the recycling process from
waste generation to end use. It identifies the locations of 15 types of waste management facilities,

8 See https://www.epa.gov/circulareconomy/recycling-infrastructure-and-market-opportunities-map.
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including MRFs, composting sites, electronics recyclers, recycling facilities for various specific materials,
anaerobic digesters, municipal solid waste landfills, transfer stations, and secondary processors for glass
and wood. For each facility, the map provides comprehensive data such as the facility’s name, address,
contact information, type, and feedstock, where available.

Additionally, the map offers insights into the estimated tons of generated and recycled materials,
categorized by zip code and material type. It includes data on 16 types of recyclable materials, such as
aluminum, cardboard, electronics, various plastics, food waste, glass, steel cans, tires, paper, textiles, yard
trimmings, and wood.

The data presented in this tool are based on the best available information from 2021 to 2022. The
map serves as a valuable resource for understanding the current landscape of recycling infrastructure and
opportunities for market development in the United States.

Complementing EPA’s waste management map with demographic information and historical
accounts offers promising research opportunities to explore the social impacts of recycling infrastructure
and waste management practices. By correlating facility locations with socioeconomic indicators such as
income levels, education, and employment, researchers can examine how economic factors influence
recycling rates and access to infrastructure, potentially revealing disparities between affluent and lower-
income communities. Integrating health statistics can provide insights into whether areas with more
robust recycling programs and better waste management infrastructure experience improved health
outcomes, especially concerning waste-related illnesses. Additionally, studying the evolution of recycling
practices and infrastructure over time can reveal trends and the historical impact of waste management
policies on different communities. Analyzing historical pollution and landfill data can further illustrate
past environmental burdens and assess how advancements in recycling have addressed these issues over
the years.

Plastic Litigation Tracker

In 2022, the New York University School of Law launched the Plastics Litigation Tracker,’
which provides a database of the past and pending cases involving plastic products or pollution. The
database includes 44 distinct cases dating back to 1971. The tracker enables environmental justice
scholars to identify examples of waste-related litigation and observe how they may lead to policy
changes.

For example, in 2018, Smith v. Keurig Green Mountain, Inc. (No. 4:18-cv-06690),'° a federal
court approved a class-action settlement involving claims that a company misled customers about the
recyclability of its single-use coffee pods. The lawsuit argued that the company violated laws in
California and Massachusetts by falsely advertising the pods as recyclable, which could contribute to
plastic waste and climate change. The settlement includes a $10 million payment for customers, legal
fees, and other costs. The company must also add a disclaimer, “Check locally—Not recycled in many
communities,” on packaging and ads. Any leftover settlement funds will go to Ocean Conservancy and
Consumer Reports.

In Minnesota, Attorney General Keith Ellison filed a lawsuit against Reynolds Consumer
Products and Walmart for misleading consumers by advertising Hefty recycling bags as recyclable, even
though they are made from low-density polyethylene, which cannot be processed at recycling facilities
(No. 62-CV-23-3104 [Minn. Dist. Ct. 2024]). As a result, recyclable items placed in these bags end up in
landfills. In August 2024, the companies reached a settlement, agreeing to halt the sale of the bags in
Minnesota for 2.5 years. Afterward, they will label the bags as “not recyclable.” The companies will also
pay $216,670, covering profits from the bags, and Reynolds will implement antigreen washing training
and revise its marketing review process.

% See https://plasticslitigationtracker.org.
10 See the Plastics Litigation Tracker at https://plasticslitigationtracker.org/?keywords=18-cv-06690.
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These litigations show that many states are concerned about recycling labels on products and
following the “polluter pays” principle. In both cases the firms were asked to retract their labels and use
information that correctly portrayed whether the product could be recycled locally (in those states).

6.7.KEY POLICY OPTIONS
6.7.1 National Recycling Labels and Regulations for Products and Packaging

One of the primary objectives of MSW recycling programs is to make them easy to understand
and use. Surveys show high levels of confusion on the part of consumers as to what can be recycled and
how to dispose of recyclables “correctly.” Labels on products and their packaging are sometimes
inconsistent with local rules about what consumers can recycle. For an important example, in the 1980s,
the American Society of the Plastic Industry developed resin identification codes (1-7) to indicate the
type of plastic used in a product or packaging. In addition to the plastic code number, these codes use the
chasing arrows symbol, which is an internationally recognized symbol for recycling. The arrows lead
consumers to believe the product or packaging can be recycled, even though the codes indicate only the type
of plastic and technical feasibility of recycling and not whether it can be recycled in any given location.

While several U.S. cities offer consumer-oriented programs to improve information and reduce
confusion in recycling, more could be done at the national level to evaluate existing efforts and develop
consistent messaging to reduce confusion at the point of recycling decisions. Specifically, the Federal
Trade Commission and EPA could support the adoption of on-product recycling labels that reflect the
recyclability of products more accurately, as well as the variability of recycling across the United States.
The same labels should be used for online purchases. An example of a state law is California’s SB 343
(Allen, Chapter 507, Statutes of 2021), which “directs CalRecycle to publish data about the types of
materials actually recycled in California. Manufacturers and other interested parties must use that
information as part of their assessment of whether products can be considered recyclable for labeling
purposes. The law outlaws manufacturers and others from selling products or packaging labeled as
recyclable unless the items are regularly collected and processed for recycling in the state” (CalRecycle,
n.d.).

National labeling standards have been enacted in Australia and New Zealand through the
Australasian Recycling Label (ARL).!" This label was developed by the nonprofit Australian Packaging
Covenant Organization. The Australian National Government (2023) supports the ARL with educational
materials (see, e.g., Department of Climate Change, Energy, Environment and Water, n.d.) and by
investing “$5 million to support 20,000 small to medium-sized enterprises (SMEs) to improve the
sustainability of their packaging and adopt the Australasian Recycling Label (ARL) on their packaging
through the SME ARL Program” (para. 13). The Australian Packaging Covenant Organisation assumes
responsibility for the ARL, and since 2022, has owned and operated the label with the support of other
nonprofits, such as Planet Ark and PREPDESIGN.

Similarly, EPA, in partnership with producers, could support national recycling label standards;
the How2Recycle labels presented in Table 6-6 were created by the Sustainable Packaging Coalition. If
EPA considers a new label instead, it needs to be pretested to ensure that it is accurate and clear to
consumers across a full range of educational and demographic backgrounds. Additional costs for this
program include:

¢ Funding regular, nationwide analyses at MRFs to identify which materials are commonly
collected, sorted, sold, or transferred for recycling in the United States. This data collection
would be similar to what was required in California under SB 343.

e Monitoring the proper use of the new label, as well as any improper use of chasing arrow
symbols.

11 See https://arl.org.au/about.
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e Creating funds for businesses, especially small and medium enterprises, to adopt the new
label.

TABLE 6-6 How2Recycle Labels

Widely Recyclable Recycle packages with the Widely Recyclable ( Empiya )
: Replace Lid
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NOTE: The labels shown here will be updated in 2025; the version displayed reflects the state at the time this report

was written.
SOURCE: How2Recycle.info.

Regulating the use of the chasing arrow symbol would eventually reduce consumer confusion and
restore trust in on-package recycling information. The label could be developed in a similar fashion to the
U.S. Department of Agriculture’s USDA Organic label to clarify and coordinate market information.
Additionally, it can be used in conjunction with other policy options as part of an extended producer
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responsibility program. A trade-off for this policy is the monitoring it would require on the part of the
federal government.

Implementation of this policy could begin with a 2-year initial product labeling study at the
national level. It could draw on waste characterization studies already being conducted or funded by states
(e.g., California), federal agencies (e.g., Department of Energy, Bioenergy Technology Office), and
industry groups (e.g., Sustainable Packaging Coalition) to identify data gaps. The study would then
collect data to fill in identified gaps in evidence available. New prohibitions against mislabeling products
could be enforced 2 years after completing the initial study. Future product studies would then be needed
every 5 years after the first study.

A consumer survey could be developed to assess the effectiveness of the policy implementation,
investigating consumer recognition of new labels and their clarity and effectiveness in communicating the
intended information (e.g., Boyer et al., 2021; Donato and Adigiizel, 2022; Fischhoff et al., 1998).
Curbside audits could collect measures of contamination before and after the policy is implemented.
Regular monitoring of misuse of recycling labels would also be needed.

Conclusion 6-1: Reforming product labeling regulations and practices to provide accurate
information (i.e., to prevent mislabeling) on what products are or are not recyclable would achieve
multiple policy objectives, including clarifying information for consumers, decreasing
contamination, and increasing efficiency of recycling systems.

Recommendation 6-1: The Federal Trade Commission (FTC) should revise its Guides for the
Use of Environmental Marketing Claims so that resin identification codes no longer use the
chasing arrows symbol. Additionally, FTC should prohibit use of the chasing arrows symbol
or any other indicator of recyclability on products and packaging unless the items are
regularly and widely collected and processed for recycling across the United States.
Furthermore, with or without a mandate to do so, producers should adopt and use updated
resin identification symbols that do not include the chasing arrows symbol.

Key Policy Option 6-1: The U.S. Environmental Protection Agency (EPA), in partnership with
producers could support and evaluate national recycling label standards—through education,
outreach, and funding—such as the How2Recycle symbols created by the Sustainable Packaging
Coalition. Additionally, the U.S. Congress, through EPA, could provide funding for small- to
medium-sized companies that lack capability for transitioning to a new national recycling label
standard.

6.7.2 Funding Social Modeling Programs

Social norms are beliefs or behaviors held by individuals in a social network or in a perceived
identity group with whom individuals wish to affiliate. This group identification can be local (e.g., family,
friends, coworkers) or regional, national, or global, especially as facilitated by the internet. Social norms
may be used to design communications that address the concerns and values of a target population.

As discussed earlier in this chapter, Varotto and Spagnolli (2017) found that social modeling was
by far the most effective intervention for increasing recycling behaviors. Many of the programs studied
recruited community members who were already participating in a recycling program to act as leaders in
their community. These “block leaders,” as they are often known, are tasked with modeling proper
recycling behaviors and informing and convincing their nonrecycling neighbors to participate in
recycling. Block leaders may organize meetings or may have more informal face-to-face interactions with
those in their community. Other means of education and communication, such as a website or library
display, may support block leaders’ efforts and provide further opportunities for social modeling.

Varotto and Spagnolli’s (2017) findings are consistent with other studies of recycling behavior
(Burn, 2006) and studies in other domains, such as energy and water conservation, where social modeling
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with the block leader approach is used to promote targeted behaviors (Abrahamse and Steg, 2019;
Champine, 2023; Fiorillo and Senatore, 2024; Geiger et al., 2019; Niemiec et al., 2021). The block leader
approach, and social modeling more generally, are consistently found to be effective at influencing
individual behavior. The intuition behind social modeling programs is that the desire to comply with
social norms often provides a strong motivation for individual and group behavior.

The objectives of the proposed policy are to advance social and environmental goals (including
distributional effects); increase community engagement in recycling; and reduce household confusion, in
order to ultimately reduce contamination. Face-to-face programs and sharing advice have been shown to
be very effective at influencing beliefs and behaviors. These programs are typically run among neighbors
or other residential groups (e.g., homeowners’ association, local charitable organization), or in work and
office settings.

An advantage of social modeling is its low cost, as compared with other techniques. A
disadvantage is that it depends on the extent to which block leaders are present and willing to participate
and the extent to which residents see themselves as part of the community. Face-to-face programs require
ongoing effort to recruit and retain block leaders and to provide programming and feedback to block
leaders. The ability to maintain and spread these programs over a large area and for a long time has not
(as far as we know) been demonstrated. Additionally, the broader impact may be limited by the
participant makeup. Residential groups tend to attract participants who are already environmentally
conscious and already recycle, with less potential for significant upward shifts by a more representative
demographic. Workplace groups may include a mix of those who volunteer and those that are
“voluntold,” and a range of workplace concerns and agendas may distract from the recycling purpose.
Thus, rather than relying solely on residential and workplace groups, block leaders can likely increase
their impact by going out into the community and reaching people in “third places”—informal public
gathering places, such as cafes, coffee shops, community and recreation centers, beauty parlors, general
stores, bars, and church groups (Oldenburg, 1989).

Following a call for proposals (from state or municipal agencies administering the grants), the
following timeline is suggested: 1 year (Year 0) to gather a team, appoint project leaders, and write and
submit a responsive proposal. In Year 1 (following funding): convene first diagnostic social modeling
group and block leader to develop and iterate on materials and procedures for group meetings. Have
participants report on their commitments, planned behavior, and actual recycling behavior. In Year 2 use
the results from Year 1 to develop revised materials and procedures for a second group (or two). Compare
the level of success achieved in Year 2 with that in Year 1. Then in Year 3, write and submit community
reports and a website describing the study and its achievements. Begin to explore opportunities for
spawning multiple groups across the MSW service area.

To assess the effectiveness of the policy implementation, consumer surveys could be developed
to investigate consumer recycling knowledge. Curbside audits could collect measures of contamination
before and after the policy is implemented. Data on material recovery before and after the policy is
implemented could be collected from MRFs in areas that implemented it compared with control MRFs in
areas without social modeling programs.

Conclusion 6-2: Social modeling programs are effective interventions for enhancing recycling
behavior and establishing positive recycling norms in communities. Policies that promote social
modeling programs can achieve various objectives for recycling. They can clarify information for
consumers, decrease contamination, increase the cost-effectiveness of recycling collection and
processing, and enhance the social and environmental benefits associated with recycling.

Recommendation 6-2: The U.S. Environmental Protection Agency should provide grants for
state, municipal, local, and tribal governments for enhancing and expanding local social
modeling programs, especially in disadvantaged communities and communities with high
numbers of multifamily dwellings. Local governments, in turn, should implement or support
social modeling programs, potentially through partnership with local nonprofits or other
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community-based groups, to engage directly with community members to promote positive
social norms and recycling practices.

Key Policy Option 6-2: The U.S. Congress could reauthorize and further appropriate funds to the
Consumer Recycling Education and Outreach Grant Program, authorized in the Infrastructure
Investment and Jobs Act, to support social modeling programs.

Key Policy Option 6-3: To ensure sufficient data are available to inform policy decisions on
recycling, the U.S. Environmental Protection Agency (EPA) could support studies to update or
otherwise fill important data gaps and research needs. These options include:

e Regularly collect and report direct observations of household and commercial behavior related
to recycling. In addition to filling knowledge gaps, these data would complement top-down
modeling in the recycling system and enable empirical study of the impact of public policy. As
part of these efforts, EPA could consider a periodic household and commercial survey for waste
and recycling akin to the Energy Information Administration’s Residential Energy
Consumption Survey.

e Track household time spent on recycling to support more complete and accurate estimates of
the economic and social costs of recycling and to ensure that lifecycle assessment models are
as updated and as accurate as possible.
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Summary of Key Messages

e Reducing use of virgin materials, especially those that are non-renewable: Extraction of non-renewable
virgin materials depletes finite natural resources, emits greenhouse gasses, and destroys ecosystems (through
deforestation, eutrophication, and acidification). Use of recycled materials in manufacturing reduces
environmental damages by avoiding reliance on virgin materials.

e Reducing use and extending the service life of landfills: While risk is mitigated through their regulated
design, permitting, and monitoring, landfills have the potential for unintended environmental contamination
from the release of heavy metals, ammonia and other nitrogen compounds, acids, and salts, as well as organic
compounds, through the release of gas or leachate. Recycling various materials can reduce environmental
damages, including leaks and other unintended emissions, by reducing the use of landfills. Furthermore, a
major benefit of recycling is extending the service life of landfills.

e Reducing greenhouse gas emissions: Greenhouse gases are emitted across the recycling process (e.g.,
collecting, sorting, remanufacturing). However, the largest source of those emissions is fossil-based energy
sources in the remanufacturing process. Emissions reductions may be possible with changes to the local
recycling infrastructure, recycling processes, and use of renewable energy in the remanufacturing process.

Recycling is one approach to managing materials that can help reduce waste, conserve resources,
and limit environmental impacts. In addition to diverting materials from disposal, recycling contributes to
broader resource efficiency efforts and supports industries that rely on recovered materials. While costs
and logistical challenges are associated with recycling, its benefits are often considered in discussions of
sustainability and waste management policies.

7.1 KEY RECYCLING BENEFITS

Recycling offers various potential benefits, including resource conservation, energy savings,
waste reduction, and pollution mitigation. These benefits can contribute to more efficient material use and
environmental management while also influencing economic and policy decisions. This chapter provides
a more detailed discussion about the environmental benefits. The extent of these advantages depends on
factors such as material type, recycling infrastructure, and participation rates.

7.1.1 Reducing Resource Depletion and Pollution from Virgin Material Extraction

Resource depletion and pollution are environmental concerns associated with the extraction of
virgin materials. Extracting raw materials such as metals, minerals, and fossil fuels to create the products
used every day by households and businesses requires extensive mining and harvesting, leading to the
depletion of finite natural resources. The concern for natural resource use is especially high for
nonrenewable resources, such as fossil fuels, whereas using resources such as paper or food has less
impact from a resource management standpoint because these resources can be renewed or replenished.
An additional concern is that extracting resources, whether renewable or nonrenewable, often involves
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clearing vast areas of land that damages ecosystems (Christensen et al., 2020; Psyrri et al., 2024; Ruan
and Zou, 2024). What is more, extracting and processing virgin materials produces emissions that can
harm human health and degrade natural habitats if not regulated appropriately.

Recovering materials from the existing waste stream reduces the need for virgin material
extraction (Anshassi and Townsend, 2024; Erkisi-Arici et al., 2021). This practice not only conserves
finite resources but also minimizes the environmental damage caused by mining and drilling activities.
Reusing materials already in circulation maintains the physical integrity of Earth’s natural resources and
the health of ecosystems and global economies. Indeed, some materials—such as metals and glass—are
near infinitely recyclable. Others—such as paper and plastics—can be recycled a limited number of times
(e.g., paper can typically be recycled only 5—7 times, because the paper fibers are shortened during the
recycling process).

7.1.2 Conserving Energy

Energy consumption is a critical aspect of the cradle-to-grave life cycle of a product, beginning
from extraction of raw materials and continuing through product disposal (Bian et al., 2023; Yang et al.,
2024; Zhao et al., 2024). The equipment used to harvest and mine materials for product creation is
typically powered by diesel, gasoline, and other fossil fuels. Once virgin or raw materials are extracted,
they must be transported to manufacturing or processing sites, a process that relies heavily on fossil fuels
to power trucks, boats (including barges), and trains. At the manufacturing or processing site, fossil fuels
continue to play a role, as the machinery and equipment used to process materials into finished products
are energy intensive. This is because many processed materials, such as aluminum, steel and glass,
require high temperatures to be created from virgin materials.' The life cycle energy demand does not end
with the product’s use; even after it is discarded, energy is required to transport it to end-of-life treatment
facilities. Whether the product is sent to a landfill, incinerated, or processed at a materials recovery
facility (MRF), energy is needed to power the equipment that manages waste.

Recycling materials conserves the energy that would have been required to harvest and mine
virgin raw materials. Recycling further conserves energy by eliminating the need to transport raw
materials from extraction sites to manufacturing or processing facilities. Significant energy savings are
generally achieved through “closed-loop recycling,” in which recycled material is used to produce its
original product—examples include using recycled aluminum or steel to manufacture new cans and using
recycled glass to manufacture new glass bottles.

On the other hand, open-loop recycling (e.g., using waste-paper as animal bedding or plastic
bottles for construction material) often results in less energy savings compared with closed-loop recycling
because the secondary products are typically of lower value or functionality than the original item. From a
life cycle perspective, which considers all stages from raw material extraction to end-of-life disposal,
open-loop recycling introduces additional complexity. The equipment and processes required to convert
waste into a new, often unrelated product can be energy- and resource-intensive. In cases where the
secondary product replaces a material that is already low-impact or readily available, the offsets in energy
use can be minimal—or even a net positive impact if transportation and processing impacts are high.
Thus, while open-loop recycling may reduce landfill volume, it may not always produce a net
environmental benefit, especially if the new life cycle requires more input than would have been used to
produce the virgin equivalent. Evaluating these trade-offs is essential in sustainability assessments such as
life cycle assessment, where recycling offsets must account for not only material diversion but also the
quality, efficiency, and environmental load of the new product system.

! Energy savings are particularly significant for aluminum and steel production from recycled material rather than
processing virgin material from their respective ores (Waste Trade, n.d.).
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7.1.3 Reducing Waste and Diverting from Landfills

Landfills are the primary method of waste disposal globally, but materials discarded in a landfill
are intermixed with soils, dirt, and other waste. This mixing makes the postdisposal recovery of valuable
recyclable commodities—such as metals, plastics, and paper—challenging and often unfeasible
economically (Jain et al., 2023; Suknark et al., 2023; Zhi et al., 2023). Likewise, in waste-to-energy
(WTE) facilities, where materials are incinerated, the opportunity for closed-loop recycling is effectively
lost. Incineration reduces most materials to ash, making them unsuitable for direct reuse in manufacture.
However, WTE facilities that burn waste also generate electricity, displacing fossil fuel-generated
electricity. They also recycle significant amounts of metals from the WTE ash, eliminate methane
emissions from landfilled waste, and reduce the mass of landfilled waste by 70-80 percent.

In contrast, recycling is a form of material recovery that supports both waste reduction and
landfill diversion (Galavote et al., 2024b; Huang, 2024; Klemes et al., 2010; Mueller, 2013). By
collecting and processing recyclable materials before they are discarded, recycling preserves the inherent
qualities of these materials and enables them to be reused in manufacturing new products. In addition,
recycling minimizes waste by diverting materials from disposal facilities, and it helps conserve landfill
space and capacity of WTE furnaces. This conservation is particularly important because landfills are
often challenging to permit and site. From a financial perspective, recycling offers those operating WTE
facilities a means to recover valuable commodities such as aluminum and steel cans. These materials have
a higher market value when recycled directly rather than being recovered after damage from incineration.

7.1.4 Preventing Pollution

Materials disposal through landfilling or incineration involve potential emissions to the air, soil,
and water as the waste decomposes or combusts. Landfills pose possible environmental concerns because
of the release of metals, ammonia, and organic compounds in the form of gas or leachate? (de Oliveira et
al., 2022; Lott et al., 2024; Ma et al., 2023; Reinhart et al., 2020). Leachate often contains high
concentrations of heavy metals and, organic chemicals (measured as total suspended solids and total
organic carbon). Other concerning emergent chemicals are perfluoroalkyl and polyfluoroalkyl substances
(PFAS) (Lott et al., 2024; Reinhart et al., 2010; Robey et al., 2024). Additionally, these chemicals can be
present in landfill gas (de Oliveira et al., 2022; Galavote et al., 2024a; Ma et al., 2023). Diverting
materials from landfills through recycling or other means can reduce the generation of these pollutant
chemicals. Stringent regulations govern landfills and similar waste treatment facilities—such as those
outlined in 40 Code of Federal Regulations (CFR)—but possibilities remain for leaks or unintended
emissions into the environment. These emissions can affect local ecosystems adversely and pose risks to
human health.

Materials themselves can also become pollutants, as evidenced in the widespread concern about
marine plastic debris (Jambeck et al., 2015), much of which stems from river and coastal communities in
the Global South (Geyer et al., 2017; Lebreton and Andrady, 2019; Meijer et al., 2021; Schmidt et al.,
2017). The exact origin of these plastics is often unclear; they may either be imported plastic waste from
the Global North, sold to facilities in the Global South for reprocessing and production, or they could
have originated from within the local communities (Plastic Pollution Coalition, 2019), many of which
lack adequate waste collection and infrastructure systems. Better waste and recycling management
practices are critically needed, as well as improved infrastructure to prevent materials from becoming
pollutants.

2 When waste is exposed to precipitation, contaminants leach from the wastes, which creates a liquid mixture called
leachate.
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7.2 RECYCLING RATES: CURRENT SUSTAINABILITY METRICS

The recycling rate is one of the main metrics used to assess progress toward achieving better
impacts on the environment and sustainability (i.e., economic, environmental, and social goals). Intended
to measure the success of a waste diversion program, the traditional recycling rate is calculated as the
recycled weight divided by total municipal solid waste (MSW) generated (including the weight of
materials both for recycling and disposal). The point at which data are used to estimate the recycling rate
can vary. For example, the recycled amount may be measured as recyclables are collected at the curb, or
after the materials pass through a MRF where contaminates are removed. In that case, the data report the
recycled commodities sold to end markets.

However, inherent issues with this metric remain (Anshassi et al., 2018). First, it does not
distinguish between the environmental, economic, or social impacts of recycling different materials (e.g.,
1 ton of recycled glass is considered equivalent to 1 ton of recycled aluminum cans, despite their vastly
different impacts). Second, this measure neglects any impacts to social welfare (e.g., jobs produced,
recycling participation). Third, the metric fails to account for the benefits of manufacturing or production
improvements, such as lightweighting, or to consider the benefits of source reduction and waste
minimization (because the recycled mass or volume is included in both the numerator and denominator).
Fourth, the recycling rate is used for any waste component regardless of the availability of collection
programs, sorting equipment, or end-markets. Fifth, this recycling rate can rise or fall over time for
reasons unrelated to recycling. For example, the positive effects of economic growth or new technologies
can appear to have negative effects on the recycling rate, because greater total household consumption
raises the denominator, even without changing their recycling in the numerator.

These limitations highlight the need for a different assessment method for measuring recycling
benefits and progress, especially for goal setting in sustainability initiatives. As part of other research, life
cycle assessment has been proposed as a tool for developing new methods of evaluating progress toward
sustainability. For example, the Sustainable Materials Management framework uses LCA to shape policy
decisions. The next section details what has been learned about primary recycling materials using LCA,
and it is followed by a review of the sustainable materials management framework.

7.3 LIFE CYCLE ASSESSMENT

Decision-makers and policymakers frequently use LCA to evaluate the impacts of systems and
policies on the environment, economy, and society. As a computer-based tool, LCA quantifies the
environmental benefits or burdens associated with a material throughout its entire life cycle (Khandelwal
et al., 2019). The life cycle stages typically start with the extraction of raw materials and extend through
processing those materials, manufacturing, sale, use, and end-of-life management (Blikra Vea et al., 2018;
Kirkeby et al., 2006; Laurent et al., 2014a; Reap et al., 2008a).

The International Organization for Standardization (ISO) has developed guidelines—ISO 14040
and ISO 14044—that outline the requirements for conducting an LCA (Guinée et al., 2011; Khandelwal
et al., 2019; Pryshlakivsky and Searcy, 2013; Reap et al., 2008a; Yadav and Samadder, 2018). These
guidelines describe four key phases: (1) goal and scope definition, (2) inventory analysis, (3) impact
assessment, and (4) interpretation.

The results of an LCA are not exact measurements but potentials. For example, the greenhouse
gas emissions estimated using LCA is the potential emissions footprint associated with the systems,
evaluated as part of the goal and scope definition.

7.3.1 Waste Versus Product Life Cycle Assessment

When applying LCA to a waste management system, users can choose between a generic product
LCA model or a specialized waste LCA model (Gentil et al., 2010). Product LCA models handle a single
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product from extraction to end of life, whereas waste LCA models assess heterogeneous materials
comprising various waste fractions (see Table 7-1; see also Clavreul et al., 2014).

TABLE 7-1 Produce and Waste Life Cycle Assessment (LCA) Models

Description

Systems Covered

Example Programs

Example Uses

Product LCA
Model

Waste LCA
Model

Handles a single product from

its extraction to end of life. Does

not directly model a functional
unit with multiple waste
fractions. Requires users to
select the desired life cycle
inventory (LCI) databases and
life cycle impact assessment
(LCIA) methods, which
typically are not preloaded into
the user working environment.

Assesses a heterogeneous
material containing various
waste fractions and typically
provides an environment that
contains all the necessary LCI
analysis and LCIA methods to

Extraction of raw materials,
processing of raw materials to
a desired form, manufacturing
form into a product,
distributing to market,
consumer use, and end-of-life
management.

Follows a “zero-burden”
assumption, where the system
starts at the collection of the
product from a waste
generator (e.g., home,
business) then is transported to

SimaPro, OpenLCA,
LCA for Experts
(formerly GaBi),
Waste Resources

Assessment Toolkit for

the Environment
(WRATE)

Municipal Solid Waste
Decision Support Tool

(MSW-DST), Solid
Waste Optimization

Lifecycle Framework

(SWOLF), Waste

Measure the
environmental
impacts associated
with a single
product or material
throughout its life
cycle or at a certain
life stage (e.g.,
manufacturing).

Compare the
environmental
impacts associated
with various
prospective solid
waste management

model many waste fractions a waste management facility =~ Reduction Model approaches.
under various treatment and treated. In cases where the (WARM),
processes. material treatment involves Environmental

recycling or remanufacturing,  Assessment of

the emissions associated with ~ Environmental

a material’s extraction, Technologies

processing, and manufacturing (EASETECH)

(i.e., upstream stages) are
accounted for in the system.

SOURCE: Anshassi and Townsend, 2020.

Product LCA models typically do not include the flexibility needed to model a functional unit
with multiple waste fractions directly. However, some product LCA models offer supplementary add-on
modules for landfilling or incineration end-of-life treatments. Practitioners may prefer waste LCA models
over product LCA models, because waste LCA models provide an environment that includes all the
necessary life cycle inventory and impact assessment methods to model multiple waste fractions under
various treatment processes (Clavreul et al., 2014; Gentil et al., 2010). However, not all waste LCA
models can handle complex systems with different waste treatment technologies. Waste management
environmental modeling usually reflects the environmental footprint associated with each material for
various common end-of-life management options:

e Recycling includes transportation to the MRF and remanufacture facilities, sorting and
processing at the MRF, and use of sorted recyclables as a secondary feedstock (to avoid
emissions by not extracting virgin materials).

e Biological treatment covers transport, equipment uses, fugitive emissions, virgin fertilizer
avoidance, and soil carbon storage.

o Thermal treatment involves the combustion process of waste fractions, use of ancillary
materials for facility operation (e.g., ammonia), the transport of ashes, management of ash at
a landfill, recovery of ferrous and nonferrous metal fractions from the ash, and the avoided
emissions from electricity production and from not extracting virgin metals.
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e Landfilling accounts for the use of materials for landfill construction, operation, closure, and
postclosure care; emissions from landfill gas (e.g., methane generation) and from landfill
leachate; and the offsets due to carbon storage and avoided emissions from natural gas
extraction and electricity production from landfill gas recovery.

e  Production encompasses all upstream stages before a product is consumed, including raw
materials acquisition, processing, manufacturing, and associated transportation.

e Source reduction accounts for avoiding the production, consumption, or reuse of a product.
Results are reported as negative values relative to production impacts.

7.3.2 Economic Input-Output Life Cycle Assessment

The LCA models described in Table 7-1 predict environmental impacts at the scale of a single
MSW management system, or for a unit of material (mass or dollar value) processed and managed with
an assumed set of technologies. Characterization factors are then used, expressed per unit mass (e.g.,
emissions or environmental health effect). More detailed and accurate calculations can be supported for a
single site, a single MSW system, or a given technology, as permitted by data, expertise, models, and
time. Furthermore, their results can be summed and aggregated to a state or national level, but only with
knowledge of the inventory of sites, systems, and technologies across the area of aggregation. The effort
needed to gather and evaluate this information is high, even for a single state, and might be prohibitive.

The economic input-output (EIO) LCA framework provides a rapid, although highly aggregated
alternative. It starts with an estimate of material or dollar flows between sectors of the economy and then
assigns a quantity of environmental impact to each unit of activity within each sector. Sectorial emissions
or impacts are then calculated and summed to determine the total economy-wide impact, accounting for
current or projected levels of direct sectorial activity and the indirect upstream activities that support them
through the supply chain.

In its simplest form, the EIO-LCA framework allows users to evaluate environmental impacts
associated with economic activities, drawing from environmental data that converts cost data to
environmental impacts, plus financial data (e.g., import and export prices, purchase prices, value-added,
price index data). The method has been applied in a number of national and regional studies of alternative
product and process options (Castellani et al., 2019; San Miguel et al., 2024). In some cases, it is used in a
hybrid approach, in which direct product or process models are first evaluated and then linked to an EIO
model (Ercan and Tatari, 2015; Zhao et al., 2016). Databases and tutorial support for EIO-LCA models
are available (Hauschild et al., 2018; Hendrickson et al., 2010; Nakamura, 2023).

The U.S. Environmentally Extended Input-Output model, developed by the U.S. Environmental
Protection Agency (EPA), is based on EIO-LCA and tailored to the structure of the U.S. economy. It
provides environmental impacts for various sectors and relies not only on EPA databases but also on
financial data from the U.S. Census and the Bureau of Economic Analysis.

A few studies using the EIO-LCA approach are described here. First, Huang and Matthews
(2008) conducted an economy-wide assessment of U.S. goods and services consumption using the EIO-
LCA model, reporting:

Power generation contributes to nearly one fifth of the total embodied energy and greenhouse gas
equivalent emissions in manufactured goods; and for the services and other institutions sectors, its
contributions are more than one third. . . . Consumer purchases of waste management services are
found to contribute to nearly a quarter of all cancer and non-cancer impacts in the entire
economy, signaling the need for producer responsibility policy aimed to reduce toxic materials
that eventually enter the waste stream. Subtotal supply chain analysis of packaging materials
found that on an energy basis, there exist opportunities to expand the existing applications of
deposit-refund programs on beverage containers to other goods. Agencies, companies, and
industry groups can use sectoral and supplier contribution analyses to identify opportunities for
reducing the life cycle impacts of their products.
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Kumar and colleagues (2016) adapted and tailored an EIO-LCA model to estimate Indiana’s
statewide greenhouse gas emissions from wind turbine electricity generation over its life cycle, from
manufacturing through operations and decommissioning. They demonstrate that wind energy production
is not entirely free of greenhouse gas emissions when considering all costs and life cycle stages.

DiStefano and Belenky (2009) explore the U.S. nationwide impact of converting (MSW) to
methane in anaerobic digesters to generate renewable energy, reduce greenhouse gas emissions, and save
landfill space. The authors used the EIO-LCA model from Hendrickson et al. (2010) to calculate carbon
dioxide—equivalent emissions from landfill activity and the projected reduction achievable from
implementation of nationwide anaerobic digesters. They project that these systems would result in
greenhouse gas emissions savings equivalent to a nationwide emissions reduction of 1.9 percent,
compared with U.S. greenhouse gas emissions in 2006 (DiStefano and Belenky, 2009). A significant
portion of this projected reduction is achieved within the waste management and remediation sector.

Deniz and colleagues (2023) predicted environmental emissions and energy and material
consumption from alternative packaging waste collection rates in Avcilar Municipality, Istanbul City,
Tiirkiye. The EIO-LCA model results showed that, as the amount of packaging waste collection
increased, the top two sectors responsible for the most greenhouse gas emissions were the oil and gasoline
production and the electricity production and supply sectors (Deniz et al., 2023).

In summary, compared with alternative, process-detailed methods using life cycle inventory and
impact assessment steps, the EIO-LCA approach is at a coarser scale and has difficulty assessing effects of
specific technologies in the MSW management and recycling system. Use of a hybrid LCA model may be
able to address this problem. The EIO-LCA model may also be appropriate for evaluating national and state
components of MSW impacts, in parallel with more detailed system studies or as a first step of analysis.

7.3.3 General Formula for Calculating Environmental Impacts

The simplified formula for calculating the potential environmental impact from recycling requires
taking the difference between two estimated values: (1) calculated impacts of producing the same quantity
of product from virgin materials; and (2) calculated impacts of producing the same quantity of product
from recycled (or secondary) materials. When the net difference is taken, a net negative value means that
the product made from recycled materials results in environmental damage avoidance. However, if the net
difference is a positive value, then production using recycled materials results in no environmental
avoidance and instead an additional environmental damage. For example, the greenhouse gas emissions
for recycling aluminum cans (i.e., used beverage containers) typically results in net negative greenhouse
gas emissions because producing one can using recycled material will generate fewer emissions than
producing one can using virgin material. Using aluminum cans as a feedstock to produce a new aluminum
can avoids the need to mine virgin aluminum ore (i.e., bauxite) and all the related emissions, energy,
waste, and resources.

7.3.4 Key Recycling Modeling Assumptions in Life Cycle Assessments

Recycling primarily generates emissions or offsets related to MRF sorting, transporting to
remanufacturing facilities, and the remanufacturing process itself (Anshassi and Townsend, 2021).* While
emissions from MRF sorting can vary by material and model, their contributions are generally negligible.
For instance, Anshassi and Townsend (2021) reported that the average contribution of MRF sorting to the
net greenhouse gas emissions potential environmental impact factor is approximately 15 percent across
several models.

3 Waste collection (i.e., transportation from household to MRFs) was not included in the models cited in Anshassi
and Townsend (2021).

Prepublication Copy

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/27978?s=z1120

Municipal Solid Waste Recycling in the United States: Analysis of Current and Alternative Approaches

190

Municipal Solid Waste Recycling in the United States

Table 7-2 presents key input assumptions and their defaults for each model along with other key
assumptions related to recycling modeling. These models use technological separation efficiency to
allocate the life cycle impact associated with MRF sorting on a material-specific basis. The Municipal
Solid Waste Decision Support Tool assumes the most aggressive separation efficiency is 99 percent for
all materials, while the other models also assume high efficiencies (although specific to each material).
Note the MRF separation efficiencies reported in Table 7-2 may differ from those cited earlier in the
report (e.g., 87 percent), as the earlier values reflect more recent data, whereas the values in Table 7-2
represent default assumptions from the time the models were originally developed (or in the case of any

updates).

TABLE 7-2 Key Input Assumptions and Their Defaults for Each Assessment Model

Parameter WARM MSW-DST SWOLF EASETECH WRATE
Facility Management
Facility Type Not reported Commingled Commingled Commingled Commingled
recyclables recyclables recyclables recyclables with
with both with both with both both manual and
manual and manual and manual and mechanical
mechanical mechanical mechanical sorting with some
sorting withno  sorting with sorting withno  advanced sorting
advanced some advanced  advanced technology (i.e.,
sorting sorting sorting optical glass, PET,
technology technology technology HDPE sorter)
(i.e., optical
glass, PET,
HDPE sorter)
Facility Lifetime Not reported Not reported 30 Yrs Not reported 25 Yrs
Emissions from facility construction,  Not Included Not Included Not Included Not Included Included
operation, and decommission
MREF Process
MREF separation Efficiency
Newspaper 95% 99% 93% 100% 99%
Cardboard 100% 99% 93% 100% 99%
Office Paper 91% 99% 93% 100% 99%
HDPE 92% 99% 93% 90% 49%
PET 95% 99% 93% 90% 49%
Glass 90% 99% 96% 95% 100%
Aluminum Cans 100% 99% 93% 100% 100%
Steel Cans 100% 99% 93% 100% 78%
Remanufacturing Process
Distance to remanufacture (km), market type
Newspaper 414, U.S. 322, U.S. 100, U.S. 250, European 250, European
Cardboard 1,086, U.S. 322, U.S. 100, U.S. 250, European 250, European
Office Paper 414, U.S. 322, U.S. 100, U.S. 250, European 250, European
HDPE 800, U.S. 483, U.S. 100, U.S. 800, European 144, European
PET 800, U.S. 483, U.S. 100, U.S. 800, European 250, European
Glass 573, U.S. 322, U.S. 100, U.S. 100, European 250, European
Aluminum Cans 533, U.S. 644, U.S. 100, U.S. 250, European 250, European
Steel Cans 533, U.S. 805, U.S. 100, U.S. 250, European 250, European

continued
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TABLE 7-2 continued
Parameter WARM MSW-DST SWOLF EASETECH WRATE
Remanufacture type

Newspaper, Cardboard, Office
Paper, HDPE, PET, Glass, All Closed-loop
Aluminum Cans, Steel Cans

Substitution ratio (Mg of recycled material substituted per Mg of virgin material)

Newspaper 1 1 1 1 1
Cardboard 1 0.85 1 1 1
Office Paper 1 1 1 1 1
HDPE 1 1 1 1 1
Substitution ratio (Mg of recycled material substituted per Mg of virgin material)
PET 1 1 1 1 1
Glass 1 1 1 1 1
Aluminum Cans 1 1 1 1 1
Steel Cans 1 1 1 1 1
Recycled Input Ratio (Mg of product made per 1 Mg of recycled material)
Newspaper 0.94 1 0.94 0.86 1.32
Cardboard 0.93 1 0.93 0.92 0.89
Office Paper 0.66 1 0.65 0.84 0.99
HDPE 0.93 1 0.86 0.93 0.85
PET 0.94 1 0.86 0.80 0.76
Glass 0.98 1 0.97 1 1
Aluminum Cans 0.93 1 0.93 0.93 1
Steel Cans 0.98 1 0.84 0.84 1
Forest Carbon Offset Included Not Included Not Included Not Included Not Included

NOTES: The data presented here reflect the time at which the study was published. Since then, updates to these
models have been made, including the release of MSW-DST v2, which now shares more similarities with the
assumptions used in SWOLF. EASETECH = Environmental Assessment System for Environmental Technologies;
HDPE = high-density polyethylene; MRF = materials recovery facility; MSW-DST = Municipal Solid Waste
Decision Support Tool; PET = polyethylene terephthalate; SWOLF = Solid Waste Optimization Lifecycle
Framework; WARM = Waste Reduction Model; WRATE = Waste and Resources Assessment Tool for the
Environment.

SOURCE: Anshassi and Townsend, 2021.

Depending on the material, transportation contributions to greenhouse gas emission footprints
typically range from less than 1 percent to 3 percent (Anshassi and Townsend, 2021). These models
account for the transportation of recovered materials to remanufacturing facilities that are often hundreds
of miles away. Some LCA practitioners have observed that transportation-related emissions are relatively
minor compared with the emissions associated with sorting and remanufacturing materials (Rigamonti et
al., 2017).

According to Anshassi and Townsend (2021), remanufacturing contributes the largest share to the
net recycling potential environmental footprint across many environmental indicators and waste LCA
models, and it exhibits the greatest variability in magnitude. For instance, aluminum cans generally show
the largest environmental avoidance for most indicators and models, while glass tends to show the least
avoidance. Most models indicate that cardboard may result in net added emissions (though the Waste
Reduction Model associates cardboard with an avoidance [Anshassi and Townsend, 2021]). These
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materials are modeled using a closed-loop recycling approach, where the material is remanufactured back
into the same product without significant quality degradation (Schrijvers et al., 2016). However, this
modeling approach does not match reality for certain materials, such as plastics, where most recycling is
open. That is, recycled plastic bottles are generally used for the manufacture of different products, such as
textile fibers.

The models estimate the environmental impacts of remanufacturing based on the assumption that
each ton of recycled material replaces a particular amount of virgin material in producing the same product
(called the substitution ratio). Most models use a one-to-one substitution ratio. Although a closed-loop
approach is used, model developers acknowledge that complete quality preservation is idealistic and
therefore use a recycling—input ratio. This ratio is specific to each material and represents the amount of new
product per metric ton of recycled material input (e.g., material-specific ratios ranging from 0.65 to 1.32).

7.4 REPORTED ENVIRONMENTAL FOOTPRINTS FOR RECYCLING MATERIALS

The overall environmental impacts of recycling material categories vary widely, depending on the
environmental indicator considered, because of the different processes involved in creating these
products, spanning raw material extraction, manufacturing, usage, and end-of-life management. As noted
in the previous section, assumptions and methodologies used to measure the impacts of recycling must be
referenced against the production of products using virgin materials. Table 7-3 reports the environmental
footprint—Ilisted as emissions, pollutants, and resource usage avoided—for the most commonly recycled
materials. The table is followed by a narrative explanation of the units used for each area.

Carbon Dioxide

Greenhouse gases absorb energy and slow it from escaping into space, which causes the Earth to
warm. Greenhouse gas quantities are expressed as kilograms of carbon dioxide equivalents (kgCO»eq) per
kg of material, to allow for comparison of global warming impacts of different gases relative to CO;
kgCO»eq is a measure of how much energy the emission of 1 kg of gas will absorb over a given period,
relative to the emissions of 1 kg of CO,. Emissions levels, and their avoidance, depend on several factors,
including the local recycling infrastructure, the type of energy used (renewable versus fossil fuels), and
the specific recycling processes.

TABLE 7-3 Environmental Footprints for Recycling Materials

Carbon Dioxide Water Human Health | Ecotoxicity Eutrophication |Acidification

Material (kgCO2eq) Energy (MJ) |(gallons) Toxicity (CTUH) |(CTUe) (kgNeq) (kgS02eq)

Aluminum cans |—8.3 to —16.3 -135t0—194 |-8.8 —3.4x107 to —0.4 to —53 —-1.2x107° to -0.044 to —4.7
-3.0x10°° -5.5%1073

Steel cans —0.8 to —2.5 -10to—19 0.6 3.9x107 to 0.6 to —7.1 —4.1x107 to —0.0012 to —0.4
-2.6x1077 -5.6x107

Plastic (PET —0.4 to —2 —19 to —55 -0.4 2.8x107% to 0.01 to —15 -1.7x107 to —0.0019 to —0.7

and HDPE) —4.0x1077 8.9x10°*

Glass (mixed by [—0.2 to —0.4 -1.8t0 2.3 —-0.05 4.1x10% to 0.06to —1.8 -1.3x107 to —0.0010 to

color) —4.5x107% -5.2x107 —0.03

Paper 0.5t0 2.6 3.3 to—19 0.03t0-0.6 |[5.7x10%to 1.7 to —8.9 3.9x10* to 0.027 to —0.3

(newspaper and —2.9x1077 -9.9x10™*

office paper)

Cardboard 0.2 to —2.8 0.8 to —14 0.10 2.4x107to 0.6 to —38 -3.1x10 to —0.0003 to
-1.3x10°° -9.2x1073 —-0.14

NOTES: All negative units are avoidances per kilogram of recycled material; all positives are emissions per kilogram of
recycled material. Data based on modeling emissions using WARM, MSW-DST v2, SWOLF, EASETECH, and WRATE.
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Energy

The amount of direct and indirect energy used throughout the life cycle of product from both
nonrenewable and renewable energy sources is included in the energy use indicator. The energy savings
achieved through recycling depend on several factors, including the efficiency of local recycling
processes and the type of energy used in manufacturing (renewable versus nonrenewable). The
justification for energy avoidance or additional energy needed for each material are the same as provided
in the above section on carbon dioxide, because the largest sources of emissions or avoidances come from
the use or offset of fossil-based energy sources in the remanufacturing process. Often the energy levels
required to manufacture a new product using virgin sources are greater than when those required to
recycle feedstocks.

Water

The water use indicator considers the amount of the water evaporated, incorporated into products,
transferred to other watersheds, or disposed into the sea. Water savings from recycling translates to a
reduction in the demand of water resources that are used heavily in production of new materials from raw
sources.

Human Health Toxicity and Ecotoxicity

The release of toxic materials and exposure to humans via inhalation or ingestion are considered
for various human health effects during LCA. The units are expressed as comparative toxic units (CTUh),
interpreted as disease cases per kg of substance emitted. This measure indicates adverse impacts and
includes cancer and other noncancer diseases (or total human toxicity potential). In contrast, ecotoxicity
considers the release of toxic materials into an aquatic ecosystem. The units are expressed as comparative
toxic units (CTUe), interpreted as the potentially affected fraction of species over time and volume per kg
of substance emitted (or total ecotoxicity potential). These metrics provide a comparative measure of the
potential health and ecological risks associated with different materials and processes.

Eutrophication

Eutrophication considers the enrichment of aquatic ecosystems from nutrients that cause
undesirable algal growth (e.g., nitrates, phosphates). The units are expressed as kilograms nitrogen
equivalence (kgNeq) to allow for comparison of nutrients in the water relative to nitrogen. For most
materials, potential eutrophication impacts arise from the use of fossil fuels in the extraction of the virgin
material and the electricity used in its manufacture. Other potential causes may be nitrogen or phosphate-
based chemicals in the extraction and manufacturing processes.

Acidification

Acidification considers the increasing concentration of hydrogen ions within the environment due
to the addition of acids. The units are expressed as kilograms sulfur dioxide equivalence (kgSO2eq) to
allow for comparison of acids in the air relative to sulfur dioxide. A main concern from acidification is
the impacts of acid rain on ecosystems, infrastructure, and human health. Like eutrophication potential,
acidification sources come from the use of fossil fuels in the extraction of the virgin material and the
electricity used in its manufacture, with other sources from the acids used in the beneficiation process of
metals (aluminum and steel), processing of petroleum fractions for those used in plastics, processing of
silica sand for glass, and pulping process needed to dissolve the wood fibers to produce paper pulp.

Not covered in this section are the environmental impacts of a curbside recycling system. For
example, Anshassi and Townsend (2023) estimate that the average greenhouse gas emissions from a
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typical residential curbside recycling program amount to 0.046 metric tons of carbon dioxide equivalent
per household per year. The greatest sources of emissions are waste collection and landfilling waste,
while the most significant offsets are achieved through recycling instead of landfilling materials such as
metals, paper, and plastics.

7.5 SUSTAINABILITY MATERIALS MANAGEMENT

The concept of sustainable materials management first emerged from the EPA (2002) publication
Beyond RCRA: Waste and Materials Management in the Year 2020. It was further developed in the EPA
(2009) report Sustainable Materials Management: The Road Ahead. These and other documents describe
the framework as a set of resource-efficient strategies implemented throughout the entire life cycle of
materials and products, encompassing extraction, refinement, manufacturing, assembly, distribution, use,
and end-of-life management (see Figure 7-1).

MOST PREFERRED

REUSE
RECYCLE/COMPOST
ENERGY RECOVERY
LANDFILL
5.

4 END-OF-LIFE
B ETIALS MANAGEMENT

EXTRACTION

FIGURE 7-1 Life stages included in the sustainable materials management framework.
SOURCE: EPA, 20009.

Unlike traditional waste management approaches, which often focus solely on disposal,
sustainable materials management aims to optimize the use of resources and minimize waste and
pollutants at every stage. Local governments adopting this framework seek to create policies that promote
the most efficient use of resources while mitigating environmental impacts. From a policy perspective,
sustainable materials management represents a long-term, systemic approach to waste management that
considers the interests of all stakeholders, both public and private.

As policymakers integrate sustainable materials management principles into regulatory
frameworks, their goal is to foster sustainable production and consumption practices while transforming
end-of-life management into a driver of enhanced sustainability and productivity. To guide their
decisions, they rely on LCA models that quantify material flows across all life-cycle stages in terms of
environmental, economic, and social impacts. LCA models not only track the pathways of material flows
but also identify which economic sectors generate the most waste. Additionally, they evaluate the
environmental and economic effectiveness of various waste management strategies, providing valuable
insights into how different approaches impact sustainability.
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7.6 REDUCING WASTE ENVIRONMENT FOOTPRINTS

Although specific needs and strategies apply to each material, this discussion focuses on two key
categories that show exceptional promise for reducing waste: mixed paper—the largest component found
in recycling bins—and food waste, which presents some of the most complex environmental challenges
and has one of the lowest recovery rates. Addressing these two streams is critical for maximizing
diversion and improving system-wide sustainability outcomes. Following a description of current policies
and considerations for each of these materials, Table 7-4 describes the political feasibility of each
scenario.

7.6.1 Reducing the Use of Mixed Paper

Several strategies can be employed to reduce the environmental footprint of mixed paper
effectively. Encouraging residents to receive utility bills and bank statements electronically, rather than
by mail, can significantly cut down on paper usage. Providing incentives for this transition can further
boost participation. Additionally, instituting policies to minimize or prohibit unsolicited junk mail can
also contribute to paper reduction. Since much of the junk mail comes from credit card, mortgage, and
insurance companies (Wambuguh, 2011), targeting these industries with specific policies could be
particularly effective. In office, university, and business settings, reducing paper use can be achieved by
limiting the number of prints allowed per employee and displaying individual print volumes to promote
more mindful printing. Another simple yet impactful measure is configuring printers to default to double-
sided printing, which can be implemented easily across various work environments. These measures
collectively support a reduction in mixed paper consumption and its associated environmental impacts.

Over the past 2 decades, numerous countries have implemented national programs to help
residents reduce the amount of junk mail they receive. In the United States, the “Do Not Mail Registry”
allows residents to opt out of unsolicited advertising, such as preapproved credit card offers and insurance
advertisements (Cain, 2005; Wambuguh, 2011). Similarly, France passed regulations requiring both
producers and distributors of junk mail to participate in recycling and providing residents with “Stop Pub”
stickers to place onto their mailbox indicating they opted out of receiving junk mail (Resse, 2005).
Germany, Denmark, and the United Kingdom have also enacted legislation providing their residents with
stickers such as “No Junk Mail” or “No Junk Mail, Please!” (Liebig and Rommel, 2014; Resse, 2005;
Simon, 2016). While these regulations have contributed to source reduction of paper waste, the retention
rates for adherence to these stickers were relatively low, only 9 percent in France and 25 percent in
Germany (Simon, 2016), further indicating ongoing challenges in consumer adoption.

7.6.2 Reducing Food Waste

Global recognition is growing about the environmental, social, and economic issues concerning
the copious mass of food waste (Hannibal and Vedlitz, 2018; Papargyropoulou et al., 2014), and many
countries have established food donation regulations and programs to combat the generation of waste
(Busetti, 2019; Chen and Chen, 2018; De Boeck et al., 2017; Diaz-Ruiz et al., 2019; Halloran et al., 2014;
Nomura, 2020; Redlingshéfer et al., 2020; Thyberg and Tonjes, 2016). Several U.S. states (e.g.,
California, Oregon) and cities (e.g., San Francisco, California; Portland, Oregon) passed state-level food
donation tax incentives (Chen and Chen, 2018). In Europe, France implemented a national policy
mandating supermarkets to donate edible fractions to charitable organizations and placed a disposal ban
on edible food (Busetti, 2019; Mourad, 2015; Redlingshéfer et al., 2020). Denmark, Belgium, Italy, and
Romania advanced food donations through various similar regulations (Busetti, 2019; Redlingshofer et
al., 2020).
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TABLE 7-4 Political Feasibility of Each Scenario, Defined by Evaluating Similar Programs and Policy Challenges

Scenario

Has Local Government

Adopted a Similar
Scenario?

If So, How Is It Applied?

Policy Challenges

Junk Mail Ban

Yes

United States: The U.S. national “Do e

Not Call Registry”: subscribers input
their contact information; for a small
fee, the Federal Trade Commission
removes their phone number and
email address from unwarranted
telemarketing calls (Cain, 2005;
Wambuguh, 2011).

France, Germany, Denmark,
United Kingdom: “Stop Pub,” “No
Junk Mail,” or “No Junk Mail,
Please!” stickers that residents can
place onto their mailbox to indicate
they are opting out of receiving junk
mail (Liebig and Rommel, 2014;
Resse, 2005; Simon, 2016).

Low retention rate for
adherence to stickers and
registry, because of consumer
attachment to store flyers,
monetary savings, pastimes.

Food Donation

Mandate

YesGe

United States: Food Waste
Challenge and the U.S.
Environmental Protection Agency
Food Recovery Challenge are federal
programs designed to prevent food
waste. Nine states and several cities
enacted state-level food donation tax
incentives and organic disposal bans
(Chen and Chen, 2018).

France: Legislation bans certain
grocery stores of a certain size from
tossing unsold food and ensures the
food is circulated within the French
food bank network (Busetti, 2019;
Mourad, 2015; Redlingshofer et al.,
2020).

Denmark, Belgium: Advancement of
food waste reduction through
collaborations among multiple
stakeholders along the food supply
chain (De Boeck et al., 2017;
Halloran et al., 2014).

Italy, Romania: Regulations permit a
more streamlined process for food
donations (e.g., reduced the number
of forms required for recording
purposes, removed sanctions
associated with donating food beyond
its “sell-by” date, and reduced
disposal waste taxes for food donors).

Unprofessionalism in food
safety management,
consumer misconception that
donated food is unsafe for
consumption, fragmented
business structure of charity
organizations, lack of
flexibility and clarity in the
regulations, incurred
expenses by donors and
donation organizations due to
new personnel needed to
manage donations, storage
needs, and distribution costs,
etc. (Busetti, 2019; De Boeck
etal., 2017; Diaz-Ruiz et al.,
2019; Sakaguchi et al., 2018;
Schneider, 2013).

Several researchers have documented potential issues arising from food donation programs,
including consumer misconception that donated food is unsafe for consumption, fragmented business
structure of donation organizations, lack of flexibility and clarity in the regulations, and additional
expenses incurred by donors and donation organizations (Busetti, 2019; De Boeck et al., 2017; Diaz-Ruiz
et al., 2019; Sakaguchi et al., 2018; Schneider, 2013). The political viability of these programs is
improved when local governments follow a multifaceted approach that includes consumer education and
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proactive planning with regulators and food supply stakeholders (Hamilton et al., 2015; Thyberg and
Tonjes, 2016). Tevapitak and colleagues (2019) identified the criticality of collaboration between local
governments and stakeholders to the beneficial management of water, an approach that can be extended to
food waste. For example, both the United States and Italy passed a “Good Samaritan Act” to prevent
liability disputes for food donors and donation organizations (De Boeck et al., 2017; Sakaguchi et al.,
2018).
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Governor’s Beyond Waste Task Force. She was a five-time recipient of the WM’s Circle of Excellence
Award. She attended Stanford University before receiving her B.S. from the University of Washington.
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including life-cycle analysis, industrial ecology, and environmental policy analysis.

Rebecca Taylor is an assistant professor at the University of Illinois Urbana-Champaign in the
Department of Agricultural & Consumer Economics. She is a leading expert on the economics of
regulating waste from consumer items, and particularly the regulation of plastic carryout bags. Dr.
Taylor analyzes the effectiveness of environmental and food policies in changing consumer behavior,
especially when there is debate over optimal policy design. She also studies how these policies interact
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gained international attention and has been covered by news outlets in the United States, Australia,
New Zealand, Canada, Mexico, and Indonesia. Dr. Taylor’s papers have also influenced policy
recommendations, such as those given by the Unites Nation’s Environmental Programme “Legislative
Guide for the Regulation of Single-Use Plastic Products,” and have won distinguished award, such as
the 2020 Best Paper Prize for the Journal of Environmental Economics & Management. Dr. Taylor
received her Ph.D. in agricultural and resource economics at the University of California, Berkeley, and
her B.A. in economics at Washington & Lee University.

Sofia Berto Villas-Boas is a professor in the Department of Agricultural and Resource Economics at
University of California (UC), Berkeley. She holds the Class of 1934 Robert Gordon Sproul Chair in
Agricultural Economics. She has published in top economics and field journals such as Review of
Economic Studies, RAND Journal of Economics, American Journal of Agricultural Economics, Journal
of Environmental Economics and Management, Marketing Science, Management Science, and Review
of Economics and Statistics. Dr. Berto Villas-Boa’s research interests include industrial organization,
consumer behavior, food policy, and environmental regulation. Her recent empirical work estimates the
effects of policies on consumer behavior, such as a bottled water tax, a plastic bag ban, and a soda tax
campaign and its implementation. Other published work has focused on the economics behind
wholesale price discrimination banning legislation, contractual relationships along a vertical supply
chain, and identifying the role of those contracts in explaining the pass- through of cost shocks along
the supply chain into retail prices that consumers face. Dr. Berto Villas-Boas received her Ph.D. in
Economics from UC Berkeley in May 2002, and she has an undergraduate degree in economics from
the Universidade Catolica Portuguesa.
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The conflict-of-interest policy of the National Academies of Sciences, Engineering, and Medicine
(https://www.nationalacademies.org/about/institutional-policies-and-procedures/conflict-of-interest-
policies-and-procedures) prohibits the appointment of an individual to a committee like the one that
authored this Consensus Study Report if the individual has a conflict of interest that is relevant to the task
to be performed. An exception to this prohibition is permitted only if the National Academies determine
that the conflict is unavoidable and the conflict is promptly and publicly disclosed.

When the committee that authored this report was established a determination of whether there
was a conflict of interest was made for each committee member given the individual's circumstances and
the task being undertaken by the committee. A determination that an individual has a conflict of interest is
not an assessment of that individual's actual behavior or character or ability to act objectively despite the
conflicting interest.

Susan Robinson was determined to have an unavoidable financial conflict of interest because
holds stock in Waste Management (WM) from her prior employment at WM, and she performs consulting
work for recycling industry actors related to tracking the implementation of recycling policy and the setup
of recycling program operations.

The National Academies determined that the experience and expertise of the individual was
needed for the committee to accomplish the task for which it was established. The National Academies
could not find another available individual with the equivalent experience and expertise who did not have
a conflict of interest. Therefore, the National Academies concluded that the conflict was unavoidable and
publicly disclosed it on its website (www.nationalacademies.org).
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Public Meeting Agendas

COMMITTEE ON COSTS AND APPROACHES FOR
MUNICAPAL SOLID WASTE RECYCLING PROGRAMS

MARCH 13, 2024
Virtual
OPEN SESSION

4:00 Welcome and Session Objectives
Don Fullerton and Debra Reinhart

NOTE: After remarks from the co-chairs, members introduce themselves: name,
affiliation, main area of expertise.
If congressional staff are available, they will be asked to make brief remarks.

4:10 Environmental Protection Agency’s (EPA’s) Perspectives on the Committee’s Task
EPA representatives

NOTE: EPA representatives will provide a presentation of about 30 minutes. They
will be asked to discuss relevant work within the agency, how EPA plans to use the
committee s report, and important sources of information for the committee.

After EPA’s presentation, there will be a Q&A session with the committee.

5:00 End of open session
COMMITTEE ON COSTS AND APPROACHES FOR
MUNICAPAL SOLID WASTE RECYCLING PROGRAMS
Keck Center 500 Fifth Street, NW Washington, DC 20001
APRIL 16, 2024
Room 101
The committee held a 2-day hybrid meeting.

Open Session: Information Gathering Panels

9:30-10:25 Panel 3: Data and Local Decision Support Tools for Assessing Internal Costs and
Externalities of MSW Recycling

Moderator: Debbie Reinhart, University of Central Florida, study committee co-chair
Panelist:
Susan Thorneloe, U.S. EPA

After brief remarks, the committee will engage in Q&A and discussion
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10:25-10:40

10:40-11:40

5:00

Municipal Solid Waste Recycling in the United States

Break

Panel 4: Drivers and Challenges in Developing and Implementing MSW Recycling
Programs

Moderator: Fatima Hafsa, World Bank, study committee member
Panelists:

Erin Murphy, Ocean Conservancy & University of Toronto
David Allaway, Oregon Department of Environmental Quality
Susan Fife-Ferris, Seattle Public Utilities

After brief remarks from each, the committee will engage with the panelists in Q&A
and discussion

End of Open Session

COMMITTEE ON COSTS AND APPROACHES FOR
MUNICAPAL SOLID WASTE RECYCLING PROGRAMS
Keck Center 500 Fifth Street, NW Washington, DC 20001

APRIL 17, 2024
Room 201

Open Session: Information Gathering Panels

9:30-10:25

10:25-10:40

10:40-11:40

5:00

Panel 3: Data and Local Decision Support Tools for Assessing Internal Costs and
Externalities of MSW Recycling

Moderator: Debbie Reinhart, University of Central Florida, study committee co-chair
Panelist:
Susan Thorneloe, U.S. EPA

After brief remarks, the committee will engage in Q&A and discussion
Break

Panel 4: Drivers and Challenges in Developing and Implementing MSW Recycling
Programs

Moderator: Fatima Hafsa, World Bank, study committee member
Panelists:

Erin Murphy, Ocean Conservancy & University of Toronto
David Allaway, Oregon Department of Environmental Quality
Susan Fife-Ferris, Seattle Public Utilities

After brief remarks from each, the committee will engage with the panelists in Q&A
and discussion

End of Open Session
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COMMITTEE ON COSTS AND APPROACHES FOR
MUNICAPAL SOLID WASTE RECYCLING PROGRAMS

JUNE 11, 2024
Virtually

Open Session: Livestreamed for Public Viewing

1:10-2:15 Financing and End Markets of MSW Recycling
Moderator: Susan Robinson
Panelists:
Judy Sheahan, U.S. Conference of Mayors
Joe Pickard, Recycled Materials Association (ReMA)
Bryan Staley, Environmental Research and Education
Foundation

NOTE: Each panelist will provide a 10-minute presentation followed by a 5-min
individual Q&A, then followed by a roundtable panel discussion and Q&A.

2:15-2:30 Break

2:30-3:20 Technologies and Design for the MRF: Cost, Efficiency, and Other Implications
Moderator: Debbie Reinhart
Panelists:

Nathiel (Nat) Egosi, RRT
Jim Frey, Resource Recycling Systems (RRS)

NOTE: Each panelist will provide a 10-minute presentation followed by a 5-min
individual Q&A, then followed by a roundtable panel discussion and Q&A.

3:20-3:30 Break

End of Open Session

COMMITTEE ON COSTS AND APPROACHES FOR
MUNICAPAL SOLID WASTE RECYCLING PROGRAM

JULY 23, 2024
Virtually

Open Session: Livestreamed for Public Viewing

4:10-4:55 Social and Behavioral Considerations for Recycling Participation
Moderator: Malak Anshassi

Kip Viscusi, Vanderbilt University
Bevin Ashenmiller, Occidental College

NOTE: Each panelist will provide a 10-minute presentation followed by a 5-min
individual Q&A, then followed by a roundtable panel discussion and Q&A.

4:55-5:05 End of Open Session
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