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ABSTRACT: The circular economy could transform how industry and
society approach resources and waste, resulting in significant environmental
justice (EJ) implications. However, there are few resources for analyzing the EJ
impacts of new circular economy technologies before they are deployed. This
work presents an EJ framework tailored for early stage circular economy
technologies and showcases its capabilities through a case study on enzymatic
plastic recycling. By providing concise, actionable, and accessible guidelines
based on technology readiness levels and a series of 20 questions, the
framework empowers both experts and nonexperts to evaluate the justice
implications of circular economy solutions. Preliminary user feedback highlights the approachability of the framework and its
corresponding interactive worksheet, as well as their potential to stimulate innovative thinking toward a more just and sustainable
future.
KEYWORDS: environmental justice, circular economy, sustainability

■ INTRODUCTION
Environmental justice (EJ) guarantees people’s agency over
decisions that impact their fundamental human right to a clean,
healthy, and sustainable life.1 EJ, as defined by the United
States (U.S.) Environmental Protection Agency (EPA),
encompasses the fair treatment and meaningful involvement
of all people in the development, implementation, and
enforcement of environmental laws, regulations, and policies.2

The circular economy, in which resources are kept in
circulation rather than permitted to become waste, could
have significant EJ implications.3,4 Globally, the waste sector
offers low wages and poor working conditions, involves an
estimated 15 million informal waste pickers, and releases, air,
water, and solid emissions to predominantly disadvantaged
communities.5,6 As circular economy technologies aim to
displace the traditional waste sector, a consideration of EJ can
help ensure that new innovations redress rather than
perpetuate existing harms. When EJ is ignored, technologies
could jeopardize the wellbeing and sustainability of commun-
ities, cause damage that must be mitigated or repaired, face
social acceptance barriers, and miss opportunities that only
become apparent through the inclusion of diverse perspec-
tives.3,7

Evaluating EJ for emerging circular economy technologies
can prove challenging. While several frameworks, such as
EJScreen and social life cycle assessment (S-LCA),8,9 have
been developed, they require geospatial information that is
unlikely to be available at the earliest stages of technology
development and calculate dozens to hundreds of indicators
that may be difficult for nonexperts to interpret. The recently

developed Justice Underpinning Science and Technology
Research (JUST-R) framework strives to overcome similar
challenges with regards to energy justice and early technology
readiness level (TRL) renewable energy technologies.10 Users
of JUST-R stated that the 40 recommended energy justice
metrics helped to broaden their perspectives on their research,
but also cited barriers to using the framework such as time
requirements, insufficient resources to evaluate certain metrics,
redundant or irrelevant metrics, and a lack of connection
between the metrics and the broader energy justice concerns
they were aiming to address.11

To guide circular economy development from the earliest
stages of research and enable better mitigation of and planning
for potential justice issues, EJ frameworks should be concise,
actionable, and accessible to experts and nonexperts alike.
Here, we present an inquiry-based framework for evaluating
the EJ implications of circular economy technologies. The
framework considers environmental, worker, supply chain,
economic, and community impacts that can be evaluated
qualitatively or quantitatively, depending on the TRL of the
analyzed technology. For early stage technologies, we provide a
simple worksheet comprising questions around key environ-
mental, worker, and supply chain considerations. Through a
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case study on enzymatic plastic recycling, we show how the
worksheet can identify justice issues and help to brainstorm
solutions. This work provides researchers in the circular
economy space with an accessible tool to incorporate
preliminary EJ thinking into their technology development
process and guide the transition to a more just and sustainable
future.

■ RESULTS
Framework Development. The EJ framework for circular

economy technologies was developed based on the liter-
ature,12,13 existing frameworks and tools,8,10 and discussion
with internal and external EJ experts. We first compiled a list of
26 EJ indicators related to (1) environmental impacts−health
and safety impacts (qualitative), widely known social and
sustainability issues (qualitative), existence of “greener”
alternatives (qualitative), life cycle assessment (LCA) impacts
including smog formation, respiratory effects, and human
toxicity (quantitative), (2) worker impacts−use of child or
forced labor (qualitative), occupational health and safety
(quantitative), workers receiving unfair salaries (qualitative),
workers with unfair hours (qualitative), respect of bargaining
rights (qualitative), (3) supply chain impacts−existence of
end-of-life management infrastructure (qualitative), (4)
economic impacts−overall economic impacts (quantitative),
affordability (quantitative), number and types of jobs created
(quantitative), and (5) community impacts−privacy concerns
(qualitative), transparency concerns (qualitative), history of
problematic impacts or land use (qualitative), presence of an
engagement plan (qualitative), land-use permits (qualitative),
land-use conflicts (qualitative), land-use community prefer-

ences (qualitative), access to information (qualitative), respect
of intellectual property rights (qualitative), social responsibility
engagements (qualitative), community relation budget (quan-
titative), presence of disadvantaged communities (quantita-
tive), access to material resources (quantitative).
We then translated the indicators−combining where

appropriate−into 20 questions and mapped these questions
to different stages of the technology development process
based on the technical, economic, environmental, and social
information expected to be available at a given TRL (Figure 1).
TRL estimates the maturity of a given technology on a scale of
one to nine.14 Here, we define early TRL (1−3) as the
research phase in which a scientific concept is first observed
and experimentally validated; mid TRL (4−6) as the
development phase in which the prototype technology is
further tested in relevant environments; and late TRL (7−9) as
the deployment phase in which the technology is demon-
strated in an operational environment at or near full-scale. All
questions for early TRL solutions require qualitative answers,
as it is not anticipated that there will be sufficient quantitative
data to conduct a full LCA and techno-economic analysis
(TEA) or to know where the solution will be deployed. As the
technology develops, more information is expected to become
available and more quantitative indicators can be used. The
early and mid TRL questions are primarily concerned with
distributive justice, or the equitable distribution of the benefits
and burdens of a technology, as potential risks can already be
identified at this stage.15 The late TRL questions incorporate
aspects of procedural justice, recognition justice, and
restorative justice that are more relevant to facility siting,
such as which stakeholders are heard and granted authority in

Figure 1. Framework for evaluating justice indicators at early, middle, and late technology readiness levels.
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the decision-making process of implementing a solution and
how the solution can repair past harms in the community.15,16

Users of the framework should first identify the TRL of the
solution to be evaluated and then proceed to answer the
relevant questions using the resources provided in the “Case
Study” section and the Supporting Information. Early TRL
questions can be answered independently, but it is
recommended to initiate collaborations with LCA and TEA
practitioners, community engagement experts, and citizen
advisory boards to enable robust EJ evaluation at mid and late
TRLs.17 The boundaries between early, mid, and late TRL
questions are meant to provide guidance but not to be rigid; if
a user has the resources and expertise to address questions
listed under a TRL higher than the solution being evaluated,
they may do so. During mid- and late-stage technology
development, users should also reassess the questions
answered in the previous stage. Qualitative questions can be
answered with a “yes,” “no,” or “unknown,” where “yes” or
“unknown” prompt further investigation. Importantly, the
framework encourages researchers to reflect on their answers
and develop an action plan for addressing any justice issues
that arise when working through the questions. Once action
has been taken, the researchers should reevaluate their
technology with the EJ framework to determine if the
identified justice issues have been resolved.
Case Study. To guide early TRL assessment using this EJ

framework, we developed a simple worksheet (see Supporting
Information) and applied it to a case study of enzymatic
polyethylene terephthalate (PET) recycling (Figure 2).
Enzymatic hydrolysis uses enzymes to depolymerize waste
PET into its monomers, ethylene glycol and terephthalic acid,
which can then be repolymerized into high quality PET
products such as water bottles.18 As this circular economy

solution has been demonstrated at the pilot scale but not
widely deployed,19 we consider it to be at mid TRL.
The worksheet first directs users to prepare a block flow

diagram of the process to be analyzed, including material and
energy inputs and outputs, as demonstrated in Figure 2A for
enzymatic recycling. Quantification of these flows is optional
for the early TRL analysis stage. Users are then directed to five
early TRL EJ questions (Figure 2B). Based on trials with
researchers external to the project team, the worksheet is
estimated to take approximately 1 h to complete.
The first environmental impact question asks: “Are any toxic

materials used?” Understanding toxic chemical use in early
stage processes is critical as the use of hazardous chemicals will
directly affect the safety of workers at a future upscaled
facility.20 If those chemicals are not managed properly and
escape the facility, they will impact the health of local
communities and environments.21 It is also important to plan
for proper safety and regulation, which could increase the cost
of a process at-scale. All input materials should be searched in
the Chemical List provided by the U.S. EPA’s Toxics Release
Inventory (TRI),22 which documents toxic chemical releases
and pollution prevention activities.23 In certain cases, it may be
necessary to use proxy chemicals for more specialized materials
(e.g., lead rather than lead iodide). For enzymatic recycling,
sulfuric acid was flagged in the TRI. Sulfuric acid is used to
acidify the reaction solution after enzymatic hydrolysis to
precipitate the monomer terephthalic acid for recovery. It
would be challenging to replace sulfuric acid as all strong acids
are listed in the TRI. However, the process could be
reconfigured to eliminate the acidification step; it has been
reported that using a high PET concentration during
enzymatic depolymerization can enable terephthalic acid to
precipitate without the addition of sulfuric acid.24,25 Once

Figure 2. Case study applying the justice evaluation framework (early TRL section) to an enzymatic plastic recycling process. (A) Simple block
flow diagram of enzymatic recycling, including material inputs (blue text), energy inputs (pink text), and material outputs (green text). (B) Results
from the early TRL worksheet, including identified justice issues and potential innovations to overcome them.
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action has been taken on this justice question, the user is
encouraged to reevaluate the process.
To answer the second environmental and social impact

question “Are any of the used materials known to cause social
or environmental issues?”, a Google search is recommended.
Using a search structure of “material” + “social impacts” and
“material” + “environmental health” for each input material
identified in the block flow diagram, we screened the first ten
sources for each search. This procedure, although simple, can
help identify widely known ethical issues, such as worker
exploitation in cobalt mining or the harmful health effects of
per- and poly fluoroalkyl substances, thereby providing a
“sanity check” of the eventual implications of the studied
process. For enzymatic recycling, no widely known social or
environmental issues were identified.
The third environmental impact question is “Are any

hazardous waste streams produced?” When the technology of
interest is upscaled, any hazardous waste generated by the
process must be properly managed at the facility or at partner
facilities; otherwise, it could be released into the environment
and affect the health of local communities. Emissions to air and
water should be searched in the TRI. For enzymatic recycling,
ethylene glycol is emitted to wastewater, which is listed as toxic
in the TRI if the concentration is greater than one volume
percent.22 Although ethylene glycol cannot be eliminated
because it is a coproduct of the recycling process, its emission
could be minimized by increasing ethylene glycol recovery
during downstream separations and by recycling the waste-
water back through the depolymerization reactor. Organic and
solid waste streams should be investigated in the Code of
Federal Regulations.26 The solid waste stream generated by
enzymatic recycling primarily comprises unreacted PET and
other plastic contaminants and is not expected to be treated as
hazardous waste. However, waste disposal to landfill still
represents a social and economic burden and could be
minimized by increasing the depolymerization yield of the
recycling process.
“Are any of the used materials associated with forced or

child labor?” is the only workers-related question asked at the
early TRL stage. The International Labor Organization
estimates that 160 million children were engaged in child
labor worldwide in 2021, 50% of which were in hazardous
labor.27 This question can help guide decisions early in the
innovation process to minimize the use of materials associated
with child or forced labor. All input chemicals and materials
should be searched in the Bureau of International Labor
Affair’s List of Goods Produced by Child Labor or Forced
Labor.28 For enzymatic recycling, no input chemicals were
identified as problematic.
Lastly, the question “Will existing infrastructure be able to

manage the product’s end-of-life?” encourages researchers to
consider the disposal strategy for the proposed solution.
Landfills and incineration facilities are overwhelmingly located
close to disadvantaged communities.6 Avoiding these waste
management strategies and littering, as well as designing
products for recycling from the early stages of innovation, can
help reduce burdens on local communities. Information on the
end-of-life management and littering of consumer products can
be obtained through the U.S. EPA’s Web site29 and litter
reports,30 while estimating the end-of-life of other more
specialized products may require additional searches. Enzy-
matic recycling is an end-of-life technology. However, it does
produce monomers that can be used to make PET products,

approximately 76% of which were landfilled, 9% incinerated,
and 15% recycled in the U.S. in 2019.31 A key target of this
technology should therefore be to loop PET through
enzymatic recycling multiple times in order to avoid its loss
to landfills (currently it is estimated that PET could be
recycled 4 times through enzymatic hydrolysis while retaining
sufficiently high polymer quality).32

These early TRL questions identified sulfuric acid, ethylene
glycol emissions, and waste generation as key justice concerns
for enzymatic recycling. Neither sulfuric acid nor ethylene
glycol recovery were flagged as problematic in previous LCA or
TEA studies,24,33 highlighting the importance of a holistic
evaluation approach that incorporates justice. Although the
case study evaluated enzymatic recycling independently, a
future comparison to conventional PET manufacturing and
disposal could help identify existing EJ concerns that could be
addressed by this circular economy solution.
Researchers interested in exploring the mid TRL questions

for their technology are encouraged to build a more detailed
process flow diagram and refer to further guidance on
answering the mid TRL questions in the Supporting
Information.

■ DISCUSSION
In July 2023, the early TRL EJ worksheet was piloted with 80
polymer chemists and chemical engineers from four American
national laboratories and five American and British academic
institutions that were members of the U.S. Department of
Energy funded Bio-Optimized Technologies to keep Thermo-
plastics out of Landfills and the Environment (BOTTLE)
Consortium. The participants comprised approximately 50%
early career researchers (students, postdoctoral researchers,
and interns) and 50% midcareer to senior researchers, of which
40% identified as female and 60% male and 5% self-identified
as an underrepresented ethnic minority in science. Although
this breakdown by sex and ethnicity is consistent with statistics
reported for the U.S. science and engineering workforce by the
National Science Foundation,34 the pilot group was not
representative of the U.S. population at-large and therefore
may not have captured all relevant viewpoints.
After a brief introduction to EJ concepts, researchers worked

in groups of five to ten people to draw a simple block flow
diagram of a technology that one or more of them were
investigating and to answer at least two of the questions in the
worksheet. After 30 min, the groups were asked to provide
feedback to the moderators (the authors of this study).
Overall, most groups reported that the worksheet was intuitive,
included useful resources for answering the questions, and
sparked further discussion and innovation that may not have
occurred otherwise. For example, one team explored a
chemical recycling process for nylon that does not use organic
solvents but requires a tungsten catalyst. Originally, the
researchers assumed that the process would be beneficial
from an EJ perspective because of the lack of organic solvents.
However, through the worksheet, the team discovered that
tungsten ore mining is associated with child and forced labor in
the Democratic Republic of the Congo,28 and they began to
consider strategies for catalyst recycling or using more benign
metals. Another team focused on a chemical recycling process
for mixed textile waste containing cotton, PET, and nylon. The
process was found to generate a hazardous waste stream
containing dyes and additives such as per- and poly fluorinated
substances (PFAS). These chemicals originated from the waste
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textile feedstock and therefore could not be avoided, so the
researchers developed an action plan for converting the
hazardous chemicals into benign derivatives and for consider-
ing suitable downstream engineering controls.
The framework and corresponding worksheet developed in

this work can help stimulate EJ thinking without requiring
extensive skill development or onboarding of external experts.
However, they are not comprehensive. The framework
simplifies justice issues into a set of questions, which cannot
fully capture the complexity and nuances of real-world justice
concerns in different geographic and socioeconomic contexts.
In some cases, the multifaceted nature of EJ may be
oversimplified. The framework also assumes that, even if
quantitative data and geospatial information are unavailable,
qualitative data will be accessible. The ability to obtain even
qualitative information may vary across technologies and
regions, affecting the usability of the framework. Lastly, we
presented a single case study focused on enzymatic plastic
recycling in the U.S., and the generalizability of the findings to
other circular economy technologies, renewable technologies
more broadly, or other geographies may be limited. Next steps
should include validation of the framework with a more diverse
set of researchers and other stakeholders for a broader suite of
sustainable innovations, extension of the evaluation method-
ology for the mid and late TRL questions, integration with
decision-making processes, and long-term monitoring of justice
outcomes from technologies that leverage this framework.

■ CONCLUSION
Incorporating EJ considerations into early stage circular
economy research and development can ensure that scientific
innovations truly provide benefits to everyone and do not
negatively impact certain communities. This work presented an
accessible, actionable, inquiry-based framework for investigat-
ing the EJ implications of emerging circular economy
technologies at various stages of the research and development
process. The framework included a six-part worksheet to help
researchers qualitatively evaluate the environmental and
worker impacts of their early TRL technology and brainstorm
solutions to address any arising justice concerns. A case study
on enzymatic plastic recycling showed how the EJ worksheet
could identify problematic areas such as sulfuric acid use and
ethylene glycol emissions that did not appear in other LCA and
TEA analyses. While this EJ evaluation framework does not
capture all aspects of the diverse justice space, the developed
tools can help spark holistic thinking toward the development
of a just circular economy.
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