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SUPPORTING YOUNG RESOURCE MANAGEMENT PROFESSIONALS

Introduction

Society faces numerous pressing problems, one of
which is the development of a sustainable approach to
waste (resource) management. Modern society involves
consumption on a massive scale, and this leads to mas-
sive resource use and massive waste generation. Enabling
effective resource management requires advanced higher
education (Williams, 2014) alongside appropriate infra-
structure, service provision and active public engagement,
and this is hugely challenging (Timlett and Williams, 2011).
Many political, environmental, social, technological, legal,
and economic approaches have been trialed, but only slow
progress has been achieved.

Everyone was young once. Everyone will remember the
frustrations of having ideas, often promising ideas, that
simply did not get heard, for complex (and sometimes
valid) reasons. Sometimes - because no-one was listening
— clever ideas were not acted upon. What a waste!

Academic members of the waste management com-
munity are often older than those in other academic fields.
Waste management has been a critical area of study for a
long time, driven by the need to address public health and
environmental issues (Williams, 2014). This long-standing
focus means that pioneers and early researchers in the
field are now very senior academics. The interdisciplinary
nature of waste management, which combines elements
of engineering, environmental science, public health, and
policy, often attracts professionals who have long careers
in both academia and industry. This can lead to a higher
average age within the community, with its leading experts
having decades of experience. Senior academics and com-
panies that have contributed over time to the development
of now well-established and reliable technologies are gen-
erally reluctant to consider entirely new and innovative ide-
as. However, the field of environmental engineering is still a
relatively young sector compared to others, with significant
potential for further innovation. It is thus crucial that we
should do more with and for our younger colleagues, as
their contributions could play a pivotal role in driving inno-
vation within this sector. We should listen actively to their
viewpoints and perspectives and provide more assistance
with their careers. We should learn from them and support
their progressive ideas with energy and vigor.

What can the young teach the old?

Young resource management researchers/profession-
als (henceforth “young RMs”) have valuable insights they
can offer to older waste management researchers/profes-
sionals (“older WMs"). Learning is a two-way street. Older

WNMs can learn from their younger colleagues through a pro-
cess known as “reverse mentoring” (Gadomska-Lila, 2020),
creating a dynamic exchange of knowledge and experience.
Here are some ideas:

Fresh Perspectives: Young RMs can provide fresh per-
spectives and innovative ideas (Wagner and Compton,
2012). They can challenge established norms and en-
courage creative thinking. They can bring a freshness that
encourages creativity and adaptability (Warnell, 2015).
Identifying Research Gaps: Young RMs can identify re-
search issues and questions that older WMs may miss
or not prioritize. Their unique experiences and view-
points allow them to spot gaps in existing knowledge.
Language Clarity: Young RMs can help ensure that re-
search tools (such as questionnaires, interview sched-
ules, leaflets, and reports) are worded in a language
that is clear and relatable to their peers. This clarity can
improve communication and data collection and en-
sures wider reach and impact (Warnell, 2015).
Redressing Power Imbalances: Involving young RMs in
research and professional decision-making can help re-
dress power imbalances between different age groups
(Jolles M et al, 2022). It fosters more positive relation-
ships and mutual learning.

Interdisciplinary Collaboration: Young RMs often have
interests and skills in emerging areas. Collaborating
with them can lead to interdisciplinary approaches and
novel solutions (Warnell, 2015).

+ Technology Savvy: Young RMs are often adept at nav-
igating the digital landscape; having grown up with
computers and the Internet they tend to “have a natu-
ral aptitude and high skill levels when using new tech-
nologies” (Cross et al, 2010). However, Kent (2013)
highlights that these young professionals, from lack of
experience, often naively believe that articles promot-
ing social media, how to employ it and its importance,
contain “facts”. Nevertheless, these so-called “digital
natives” can teach older colleagues (so-called “digital
immigrants”) about emerging technologies, social me-
dia platforms, efficient digital tools, use of advanced
tools, data analytics, and computational methods.

+Adaptability: In a rapidly changing world, young RMs
can excel at adapting to new situations. They can
share strategies for resilience and flexibility and excel
at adapting to new methodologies, technologies, and
research paradigms (Warnell, 2015). Their agility could
help the resource (waste) sector stay responsive to
changing needs.
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Collaboration and Inclusion: Young RMs typically under-
stand the importance of diversity, inclusion, and collab-
oration (Warnell, 2015). They can foster a more inclu-
sive work environment by bridging generational gaps
and embracing collaboration across disciplines. Young
RMs can teach older colleagues to break down silos and
work together better for strong holistic solutions.
Work-Life Balance: Balancing work and personal life is
crucial and young professionals regard work-life bal-
ance as especially important (Miheli¢ & Aleksi¢, 2017,
Smith, 2010). Young RMs can share insights on main-
taining a healthy work-life balance.

+ Enthusiasm and Change: Young people can infuse
workplaces with energy and a desire to create positive
change (Warnell, 2015). Their enthusiasm can catalyze
innovation and disruption. They can be willing to chal-
lenge old systems and seek fresh solutions.
Entrepreneurial Thinking: It was widely anticipated that
millennials would be more entrepreneurial than previ-
ous generations (Liu et al, 2019). Whilst this is true of
high-profile entrepreneurs such as Mark Zuckerberg,
founder of Facebook, in fact, millennials have been less
entrepreneurial than previous generations (Wilmoth,
2016). Nevertheless, young RMs can be innovative in
their thinking (Twenge et al, 2010), can generate fresh
ideas and can be willing to disregard traditional models
to meet customer needs.

Flexibility, Speed and Technology: Young RMs regard
themselves as flexible and feel they excel at multi-task-
ing, leveraging innovative technology for efficiency (Folar-
in, 2021). This suggests they can quickly tackle tasks
using high-tech shortcuts and resources, with this speed
complementing older WMs’ patience and experience.
Diverse Perspectives: Young RMs can bring diversity
in thought and experience (Folarin, 2021). Their back-
grounds and viewpoints can enrich problem-solving
and decision-making processes.

Storytelling: Young people understand the power of nar-
ratives. They can teach older people to communicate
complex ideas effectively and engage stakeholders.
Innovation and Creativity: As digital natives, younger
people can innovative and creative in use of IT. They
can build upon newer ideas and interdisciplinary stud-
ies, injecting fresh perspectives into research.
Communication Skills: Young RMs understand the im-
portance of IT-based communication. They can teach
older WMs new and more effective ways to convey
complex ideas to diverse audiences.

Learning is a continuous process. All generations of
resource (waste) managers will benefit from mutual ex-
change of knowledge and experience.

How can the old help the young?

Young RMs will encounter challenges as they embark
on their scientific journeys. These barriers can significant-
ly impact their research, professional development, and
career progression. Young RMs can be supported and en-
couraged by older colleagues. Here are challenges that old-
er WMs can help younger RMs to overcome:

Lack of Funding: Insufficient financial support poses
a major obstacle for young RMs. Securing grants and
funding for research projects can be highly competi-
tive and discouraging. Experienced WMs often have
established skills in planning, organizing, writing, and
winning research- and private sector funding.

+ Gender Bias: Gender disparities persist in the WM com-
munity. UNEP (2022) reports that “gender inequalities
and norms are embedded in almost every aspect of
waste management.” Young female RMs often face
bias, unequal opportunities, and barriers to advance-
ment. Addressing gender inequities is crucial for fos-
tering diversity and inclusion.

+ Mentorship Gap: Access to effective mentorship is es-
sential for professional growth since mentoring is one
of the most effective ways of helping individuals to
develop (Stoeger et al, 2021). Some young RMs strug-
gle to find experienced mentors who can guide them
through professional challenges and career decisions.
Although young researchers often bring brilliant and in-
novative ideas, these ideas frequently require the insight
and expertise of senior researchers to identify potential
challenges and refine them, ensuring they are well-ad-
justed and capable of achieving a promising future.
Research and Writing Skills: Developing strong research
and writing skills is critical. Young RMs may require as-
sistance to overcome difficulties in effectively commu-
nicating their findings, navigating the intricacies of pro-
fessional and scholarly writing, and getting published.

+ Interest from Policymakers: Policymakers’ engagement
with the resource (waste) management community, es-
pecially with research outcomes, is vital for driving pos-
itive change. However, young RMs often face challeng-
es in capturing policymakers’ interest and translating
research into actionable policies.

Heavy Workload: Balancing research, coursework,
and other responsibilities can be overwhelming. The
demanding workload leaves little time for e.g., profes-
sional development; networking; focused research ef-
forts. Older WMs can provide tips on managing time,
responding to the inevitability of change, balancing ac-
tivities, the value of learning from mistakes, and being
persistent.

Dual Narrative: Young RMs may struggle with recon-
ciling their cultural backgrounds and experiences with
dominant sectoral narratives. Bridging this gap is es-
sential for meaningful contributions from young RMs
and older role models can help in this regard. Kricorian
et al (2020) have highlighted the importance of being
mentored by those of the same gender and ethnicity,
either in person or through media.

Mobility: Opportunities for international collaboration
and mobility are crucial for scientific and professional
growth. However, barriers related to visas, travel, and
cross-border research can hinder young RMs’ mobility.

Support for young professionals

Addressing the challenges faced by young RMs is fun-
damental for fostering a vibrant and inclusive community.
There are many strategies we can employ to support and
empower them; here are a few ideas:

I.D. Williams / DETRITUS / Volume 29 - 2024 / pages 1-3



+ Increased Funding Opportunities: Advocate for in-
creased funding from institutions, governments, and
private organizations specifically for young RMs. Fi-
nancial support enables young RMs to pursue research
and professional development without unnecessary
constraints.

+ Promote Equity: Combat gender and other bias by cre-
ating awareness and implementing policies that ensure
equal opportunities for all WMs, regardless of gender,
age, or ethnicity. Encourage mentorship and network-
ing for young RMs, especially by those of their same
gender and ethnicity.

+ Effective Mentorship Programs: Establish robust men-
torship programs that connect older, experienced WMs
with young RMs. Mentorship provides guidance, career
advice, and emotional support during critical stages of
a young RM's professional journey.

+  Global Collaboration and Mobility: Facilitate interna-
tional collaboration by promoting cross-border re-
search. Exposure to diverse environments enhances
young RMs’ skills and perspectives.

« Skill Development Workshops: Organize workshops
on research and professional methodologies, scientif-
ic writing, and communication skills. These enhance
young RMs’ abilities to present their work effectively.

+ Promote Interdisciplinary Research: Encourage collab-
oration across WM-related disciplines. Interdisciplinary
projects foster creativity, innovation, and holistic prob-
lem-solving.

+Recognize Non-Traditional Career Paths: Acknowledge
that WM careers can take various forms. Highlight op-
portunities in industry, policy, academia, communica-
tion, and entrepreneurship.

+ Emphasize Mental Health and Well-Being: A demanding
workload and competitive environment can take a toll on
young RMs. Encourage work-life balance and self-care.

+ Advocate for Inclusive Research Environments: Create
spaces where diverse voices are heard. Inclusion fos-
ters creativity, resilience, and innovation.

The resource sector has a leading role in enabling the
transition to a sustainable economy. Our industry needs
young professionals who are innovative; creative; superb
communicators; scientifically, mathematically and IT liter-
ate; and who engage with problems in a systematic, “can-
do” fashion. Supporting young RMs is crucial for fostering
a vibrant community. Investing in young RMs today will en-
sure a brighter future tomorrow.

lan D. Williams *
University of Southampton, UK
*j.d.williams@soton.ac.uk
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ABSTRACT

Directive 94/62/EC on packaging and packaging waste (PPWD) aimed at harmo-
nizing regulations and coherence of the European Union (EU) internal market and
preserving the environment and natural resources. Despite its economic importance,
packaging production poses significant environmental challenges, including the gen-
eration of solid waste and the depletion of natural resources. This paper address-
es the current policy framework that the EU intends to implement to minimize the
growing generation of packaging waste, promote circularity, and integrate recycled
materials in the EU. The proposed regulatory measures, including the transition from
a directive to a Regulation, the establishment of mandatory targets for the reduction
of solid waste and recycled content, and the strengthening of reuse systems, aim to
promote a resilient value chain, mitigate environmental degradation, and stimulate
economic growth. By adopting a circular economy approach, the EU strives to cham-
pion sustainable development in the internal market and improve social well-being

in various sectors.

1. INTRODUCTION

Packaging is essential in today’s commercial activity
to protect goods during transport, storage, and consump-
tion. However, the rapid expansion of packaging produc-
tion and use poses significant environmental challenges,
which require a paradigm shift in regulations to ensure
sustainability and mitigate adverse environmental im-
pacts. Directive 94/62/EC, which regulates packaging and
packaging waste (PPWD), constitutes one of the funda-
mental pieces of the European Union’s (EU) commitment
to harmonizing and regulating the sector, preserving the
environment, and promoting coherence in the internation-
al market.

Recognizing the complexity between economic rele-
vance and environmental sustainability, the EU seeks to
reconcile these two divergent aspects. Only the EU plas-
tics value chain generated a turnover of more than €400
billion in 2021 (Plastics Europe, 2023), most of that in the
packaging sector. This symbolizes the economic vitality of
the market while representing a significant environmental
challenge. From resource depletion to ecosystem contam-
ination and greenhouse gas emissions, the environmental
effects of the proliferation of packaging are very substan-
tial (Zhuo et al., 2023).

The EU legislative approach to packaging waste man-
agement incorporates a holistic vision that aims to recon-
cile economic issues with the interests of safeguarding
environmental values, for example, the Circular Economy
Action Plan (Resolution P9_TA(2021)0040). The essential
requirements stipulated by Directive 94/62/EC entailed
strict standards for packaging manufacturing and sustain-
ability criteria, underlining the EU’s commitment to promot-
ing a circular economy. However, despite these regulatory
efforts, the truth is that packaging waste generation con-
tinues to increase, waste circularity is negligible, and the
integration of recycled materials requires further improve-
ments (Tallentire and Steubin, 2020; Ncube, 2021). Using
recycled materials in packaging is an essential strategy,
but additional improvements are needed in the collection,
sorting, and recycling processes (Eygen et al., 2018; Bal-
wada et al., 2021). The transition to a circular economy,
particularly in the plastic packaging industry, is crucial and
requires a holistic approach involving all stakeholders (Bil-
liet and Trenor, 2020).

The current EU initiative to transition from a Directive
to a Regulation comes from regulatory gaps, market inef-
ficiencies, and uneven applications across member states,
which have consequently worsened the packaging waste
problem with far-reaching environmental consequences.

* Corresponding author:
—\ Pedro Melo Rodrigues
[ email: prodrigues@ipg.pt

Q Detritus / Volume 29 - 2024 / pages 4-14
https://doi.org/10.31025/2611-4135/2024.19442
© 2024 Cisa Publisher. All rights reserved



Therefore, there is an urgent imperative for comprehensive
regulatory action beyond mere application, requiring funda-
mental legislative reforms so that economic expectations
can best be met without neglecting environmental aspects
and ecological sustainability.

On the other hand, we seek to align the new Regulations
on packaging and packaging waste with the objectives of
the European Ecological Pact and the Circular Economy
Action Plan to make the EU legislative framework compati-
ble and modernized (Foschi and Bonoli, 2019; Stankevi¢ius
et al.,, 2020). The EU thus seeks to facilitate the transition
to a circular economy in the packaging sector by harmo-
nizing regulations, defending sustainable practices, and
promoting stakeholder engagement. This article describes
the challenges, policy objectives, and regulatory measures
proposed to mitigate packaging waste, promote circularity,
and promote sustainable development in the EU.

2. CHALLENGES IN PACKAGING AND PACKA-
GING WASTE MANAGEMENT

2.1 Packaging waste generation

Effective packaging waste management presents sev-
eral challenges to the EU, especially with the exponential
increase in packaging consumption and production (Fog-
gia and Beccarello, 2022). These challenges include a very
significant increase in the generation of packaging waste,
circularity hampered by the characteristics of some types
of packaging, inadequate integration of recycled materials,
and regulatory and market inefficiencies (Vogt et al., 2021).

From 1990-2015, there was an average 26% reduction
in unit weight. However, variations exist within material
groups, often due to marketing reasons. E-commerce ex-
acerbates over-packaging, with excess outer packaging
and space. While light-weighting reduces weight, there is
a shift to materials with worse environmental footprints,
from metal/glass to plastic/paper. Reuse of packaging,
mainly primary and tertiary, has decreased over the past
decades, with exceptions in specific beverage sectors.
One-way packaging, significantly single-use plastic, is ris-
ing due to evolving retail practices. This trend will likely
continue despite recent signals of a slowing decline in re-
usable packaging (Coelho et al., 2020; Diprose et al., 2023).

Some EU member states are promoting reuse through tar-
gets, green procurement, and Extended Producer Respon-
sibility schemes, but challenges to internal market integrity
and proportionality exist.

The EU faces a significant challenge in managing the
unstoppable production of packaging waste, particularly in
materials such as plastic and paper. Factors contributing
to this increase include the widespread adoption of dispos-
able packaging, driven by social trends and the prolifera-
tion of e-commerce activities. The onset of the COVID-19
pandemic further boosted this trend, as the increased
demand for packaged products led to an unprecedented
increase in the production of packaging waste (Jacobs et
al., 2022). Consequently, the EU faces a growing waste cri-
sis with environmental and socio-economic implications.
According to Eurostat statistical data, the evolution of per
capita production of packaging waste in EU countries went
from 154 kg in 2010 to 188.7 kg in 2021, and the quantity of
recycled material from 98.5 to 120.7 kg in the same period
(Figure 1).

This quantity varied between 73.8 kg per inhabitant in
Croatia and 246.1 kg per inhabitant in Ireland. By packag-
ing material, for 2021, the distribution of the most common
materials in the EU are paper and cardboard (40.3%), plas-
tic (19.0%), glass (18.5%), wood (17.1%), and metal (4.9%).
Other materials represented only 0.1% of the total volume
of packaging waste generated in 2021 (Figure 2). In 2021,
the EU generated an estimated total volume of 84.3 mil-
lion tons of packaging waste - an increase of 6.0% (or
4.8 million tons) compared with 2020. The growth in 2021
was mainly due to the rise in waste from packaging made
of wood by 2.3 million tonnes (+19.0%). There was also a
notable increase in paper and cardboard packaging waste
compared with 2020, up 1.3 million tonnes (+3.9%). The
increases in waste material were smaller for packaging
made of plastic (up 598 thousand tones; 3.9%), glass (up
467 thousand tones; 3.1%), and metal (up 181 thousand
tones; 4.5%). Over the 11 years from 2010 to 2021, paper
and cardboard were the primary packaging waste materi-
al, contributing 34.0 million tonnes to the total packaging
waste generated in 2021; since 2010, this waste stream
has grown by 23.5%. Plastic packaging reached a total of
16.1 million tones as the second most crucial packaging
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FIGURE 1: Evolution of packaging waste production and recycling in EU (2010-2021). Source: Eurostat (online data code: env_waspac).
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material (+29.9% compared with 2010). Glass packaging
waste had a volume of 15.6 million tones (+18.1%), wood
14.4 million tones (+32.7%) and metal packaging 4.2 mil-
lion tones in 2021 (+10.6%).

In conclusion, the EU faces various challenges in effec-
tively managing packaging waste, ranging from increasing
waste production to hampered circularity and inadequate
integration of recycled materials. Regulatory and market
inefficiencies further aggravate these challenges, requiring
comprehensive and decisive action to achieve a good rela-
tionship between the economic development of the pack-
aging sector and environmental sustainability. By identify-
ing and addressing these challenges, the EU can pave the
way for a more sustainable and resilient future supported
by circularity, efficient use of resources, and environmental
management and protection.

2.2 Packaging and packaging waste problems

The escalation in non-recyclable packaging from 2012
to 2020 has posed significant challenges to recycling ef-
forts. Despite the technical recyclability of many packaging
types, collection, sorting, and demand issues in end mar-
kets have led to incineration, landfilling, or exportation as
standard disposal methods. The prevalence of lightweight
materials like multi-layer flexible packaging further compli-
cates matters, as re-processors often reject them due to
inadequate incentives, exacerbating environmental litter.

Notably, plastic packaging presents a formidable chal-
lenge, with 44% encountering design issues affecting recy-
clability. Although the EU reports a 40.6% recycling rate for
plastic packaging, a mere 14% is effectively recycled when
the waste exported outside the EU was not considered
(25% when assuming that all the waste exported was also
reprocessed), highlighting significant environmental reper-
cussions such as increased greenhouse gas emissions, re-

Wood
171 %

Class
18.5%

source depletion, and biodiversity pressure (Antonopoulos
etal, 2021).

Efforts to promote circularity in the packaging sector
encounter barriers such as material types and design com-
plexities, hindering efficient recycling and reuse. Design
features impeding recyclability, cross-contamination of re-
cycling streams, and hazardous substances in packaging
pose considerable challenges to achieving circularity ob-
jectives. Recycling rates have stagnated, with many Mem-
ber States at risk of failing to meet recycling targets set by
current legislation, perpetuating the linear “take-make-dis-
pose” model (Vogt et al.,, 2021; Hondroyiannis et al., 2024).
The inadequate integration of recycled materials into the
packaging value chain perpetuates reliance on virgin re-
sources, exacerbating pressure on natural resources. Mar-
ket dynamics, regulatory inconsistencies, and logistical
challenges impede the widespread adoption of recycled
materials in packaging production, hindering the EU’s sus-
tainability objectives (Antonopoulos et al., 2021).

Regulatory and market inefficiencies exacerbate chal-
lenges associated with packaging waste management in
the EU, leading to legislative fragmentation and suboptimal
waste management practices. Additionally, the demand for
bio-based and compostable plastics has surged, leading to
confusion regarding end-of-life management due to incon-
sistent labeling practices across the EU. Hazardous sub-
stances in packaging materials pose risks to human health
and the environment, undermining confidence in recycled
materials (Geueke et al., 2023). Waste sorters and recy-
clers express dissatisfaction with packaging producers’
choices, complicating waste treatment processes and lim-
iting potential economies of scale. For example, packaging
producers often design products focusing on aesthetics,
durability, or cost-efficiency without fully considering how
easily the materials can be sorted and recycled. This also

Metal  Other
49%

0.1 %

Paper and
cardboard
40.3 %

Plastic
19.0 %

FIGURE 2: Waste generation by packaging material in 2021 in the EU.
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might include using non-recyclable plastics, multi-layer
packaging, or materials that are difficult to separate. When
packaging is not designed with recyclability, the sorting
process is more complex, time-consuming, and less effi-
cient. Waste treatment processes become harder when
packaging materials are diverse and not standardized.
Economies of scale in recycling occur when there is a large
quantity of uniform materials to process, making recycling
more cost-effective. However, when there is too much var-
iation in packaging materials, recyclers cannot efficiently
process large batches of the same material. As a result, re-
cyclers may miss opportunities to save on costs or achieve
higher profitability through large-scale processing (Bassi et
al., 2020; Rutkowski, 2020; Colelli et al., 2022).

A clear legal framework incentivizing circularity risks
is needed to deter investment in recycling technologies.
Moreover, confusion persists among consumers regarding
waste sorting due to diverse labeling practices, hindering
correct waste separation and recycling efficiency. The
current predominance of downcycling in waste recycling
and varying uptake rates of recycled material in packag-
ing underscores the need for comprehensive strategies to
promote circularity and mitigate environmental impacts.
These challenges jeopardize the EU internal market, im-
pede the transition to a circular economy, and generate
adverse environmental consequences. Addressing these
issues requires harmonizing regulations, enhancing circu-
larity in packaging design and production (ecodesign reg-
ulations), and implementing sustainable waste manage-
ment practices. Firstly, these problems negatively affect
the functioning of the internal market by posing challenges
to the free circulation of packaged goods. Divergent legis-
lations across Member States lead to additional costs for
producers to adapt, hinder economies of scale, and impede
investment in reprocessing capacity and innovation.

Fragmentation in the market also results in efficiency
losses in the supply chain due to reduced demand and ad-
ditional stock holding. Secondly, the demand for packaging,
coupled with low reuse, recyclability, and recycled content,
hinders progress towards a circular economy. Ambiguities
in the definition of recyclable packaging and other barriers
impede Member States’ ability to meet recycling targets,
increase the use of recycled materials, and create jobs in
recycling sectors. Thirdly, the manufacture of packaging
has significant adverse environmental impacts, including
carbon emissions and litter pollution (Ncube et al., 2020;
Pilli et al., 2021).

Littered plastics, especially in marine environments,
pose risks to ecosystems and human health as they de-
grade into micro and nano plastics and enter the food
chain (Mofijur et al., 2021; Giindogdu et al., 2024). Green-
house gas emissions from packaging are projected to in-
crease unless measures are taken to reduce them, under-
mining the EU’s goal of carbon neutrality by 2050 (Beghetto
et al., 2023). Additionally, packaging waste contributes to
soil and land pollution and marine littering, exacerbating
environmental degradation. In summary, addressing these
issues requires comprehensive strategies that promote
harmonization of regulations, enhance circularity in pack-
aging design and production, and mitigate environmental

impacts through sustainable practices and waste manage-
ment.

2.3 Packaging waste impacts

The multifaceted impacts of packaging and packaging
waste on society, consumers, brands, manufacturers, and
waste management companies include environmental pol-
lution, resource depletion, emissions, economic loss, and
public health risks. Consumers need more transparent and
harmonized information about packaging options, hinder-
ing their ability to make informed decisions and manage
packaging waste effectively. Brands must balance pack-
aging functions with increasing consumer demand for
environmentally conscious solutions amidst regulatory
uncertainties. Packaging manufacturers must meet brand
demands and regulatory requirements while maintaining
competitiveness through innovation and cost-efficiency.
Waste management companies and recycling industries
need more profitability due to fragmented markets and
regulatory gaps, calling for a harmonized economic frame-
work and legal clarity to improve coordination and efficien-
cy in waste management.

Environmental degradation is at the forefront of the
consequences of insufficient packaging waste manage-
ment. The proliferation of packaging materials, often de-
rived from non-renewable resources, exacerbates resource
depletion and contributes to ecosystem contamination.
Improper packaging waste disposal, including landfilling,
leads to visual pollution and habitat destruction, disrupt-
ing delicate ecological balances. Plastic packaging poses
a significant threat to marine environments, where it frag-
ments into nano-microplastics (Boone et al., 2023), infil-
trating marine food chains and causing harm to aquatic
life. Additionally, packaging waste incineration releases
greenhouse gases and pollutants into the atmosphere,
exacerbating climate change and air pollution (Zhuo et al.,
2023).

The economic consequences of inadequate packag-
ing waste management are multiple, including significant
costs for municipalities, companies, and taxpayers, as
resources are diverted to waste collection, transport, and
disposal (Deniz et al., 2023). Furthermore, the reliance on
virgin materials for packaging production perpetuates a lin-
ear economic model characterized by resource extraction,
production, consumption, and disposal, leading to missed
resource efficiency and cost savings opportunities (Zhu et
al., 2022). Moreover, the environmental externalities asso-
ciated with packaging waste, such as pollution clean-up
and health impacts, impose additional financial burdens on
society, undermining the economic resilience and competi-
tiveness of the EU (Dechezleprétre and Sato, 2017).

The health consequences of inadequate packaging
waste management extend beyond environmental degra-
dation to encompass direct risks to public health. Improp-
erly disposed packaging waste, particularly plastics, can
leach harmful chemicals and additives into soil and water,
contaminating food and water supplies and posing risks
to human health. Moreover, the accumulation of packag-
ing litter in urban and natural environments creates breed-
ing grounds for pests and disease vectors, increasing the
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prevalence of vector-borne diseases and compromising
public health and sanitation standards (Wright and Kelly,
2017; Krystosik et al., 2020). In addition to environmental,
health, and economic consequences, inadequate packag-
ing waste management engenders social disparities and
inequities. Vulnerable communities, including marginalized
populations and low-income households, bear a dispropor-
tionate burden of the negative externalities associated with
packaging waste, such as exposure to environmental pollu-
tion and health hazards.

In summary, the consequences of inadequate pack-
aging waste management within the EU are far-reaching
and profound, encompassing environmental degradation,
economic losses, public health risks, and social disparities.
Addressing these consequences necessitates concerted
efforts to transition towards sustainable packaging prac-
tices, promote circular economy principles, and enhance
waste management infrastructure and governance mech-
anisms. By mitigating the adverse impacts of packaging
waste, the EU can foster environmental sustainability in the
internal market, promote economic prosperity, and safe-
guard public health and well-being for present and future
generations.

3. POLICY OPTIONS DESCRIPTION
3.1 General description

A new regulatory approach to address shortcomings
in current legislation governing packaging and packaging
waste management is necessary. Despite existing con-
trols, environmental sustainability objectives have yet to be
achieved. Regulatory failures, such as delayed transposi-
tion and uneven application, reveal the necessity for har-
monization through Regulation rather than revising the cur-
rent directive. A comprehensive set of regulatory solutions
is proposed to promote a transition to a low-carbon and
circular economy. Placing obligations on economic oper-
ators ensures consistent implementation across Member
States, addressing the challenge of uneven national regula-
tory frameworks. A Regulation would provide legal certain-
ty, reduce competition distortion, and send clear signals
to non-EU market actors. Implementing measures can be
swiftly developed to flesh out the Regulation further. This
approach aligns with industry calls for harmonization and
political commitments outlined in the European Green Deal
and the Circular Economy Action Plan to ensure all packag-
ing is reusable or recyclable by 2030. The EU faces complex
challenges in managing packaging waste while also seek-
ing to promote a circular economy. In the legislative change
process in the EU, several policy options were proposed to
face these challenges, each offering different approaches
to promote the reduction of packaging waste production,
its circularity, and the integration of recycled materials in
the packaging sector (Farmer, 2020). Extensive analysis,
stakeholder consultations, and applicability and effective-
ness considerations inform these policy options. The first
set of options focuses on standardizing and clarifying the
essential requirements for packaging, establishing the ba-
sis for subsequent measures. The Essential Requirements
would be revised and expanded to include clear definitions

and performance criteria to minimize excess packaging
and promote recyclability. By providing regulatory clarity
and consistency, this option seeks to increase the effec-
tiveness of packaging minimization requirements and fa-
cilitate compliance across Member States. Although this
option may involve minimal administrative and economic
costs, its main objective is establishing a robust regulatory
framework that promotes waste reduction and circularity
as, for example:

+ Minimization of space in packaging: Sets maximum
void space limit to reduce packaging waste in various
sectors.

+ Update of Essential Requirements: Defines over-packa-
ging and specifies packaging performance criteria to
minimize excessive packaging.

+ Revision of CEN standard for reusable packaging:
Updates standards for defining and improving reusable
packaging.

Clarity on the definition of reuse activity: This section
clarifies when reusable packaging becomes waste to
facilitate reuse systems.

Packaging to be reusable or recyclable by 2030: Esta-
blishes enforceable requirements prioritizing reusable
packaging to be recyclable by 2030: Requires recycla-
bility for reusable packaging.

Qualitative definition of recyclable packaging: Defines
recyclable packaging to improve recycling rates.
Updates of Essential Requirements and EN 13432 - Bio-
degradable Packaging Certification: Clarifies biodegra-
dability and compostability concepts in packaging.
Allowing compostable and conventional plastics for se-
lected packaging types: This policy permits composta-
ble materials for specific packaging.

Definition of Recycled Content and Measurement Meth-
od: Establishes methodology for calculating and verify-
ing recycled content levels in packaging.

+ Update of current material-based labeling: This update
removes alphanumeric codes for waste sorters and
introduces more competent sorting labeling require-
ments.

Update of ‘hazardousness’ definition: Reviews packag-
ing legislation objectives and updates hazardous sub-
stance requirements.

Expanding information on hazardous substances: Iden-
tifies and prioritizes relevant dangerous substances in
packaging for potential limitations or restrictions.

The second set of options introduces mandatory tar-
gets for waste reduction, reuse, and minimum recycled
content in plastic packaging, along with requirements for
full recyclability by 2030 and harmonized product rules.
These goals encourage economic operators to adopt sus-
tainable packaging practices, minimize packaging waste,
and integrate recycled materials into their production pro-
cesses. These measures seek to drive systemic changes
in packaging design, production, and consumption, estab-
lishing clear objectives and deadlines and promoting a
transition to a circular economy. While these options may
entail implementation challenges and economic adjust-
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ments for the packaging sector, their ambitious goals re-
flect a commitment to advancing sustainability objectives
and promoting resource efficiency. These measures seek
to accelerate progress toward circularity by imposing more
stringent targets and requirements on economic operators,
such as:

Definition of Recyclable Packaging: This measure esta-
blishes criteria for packaging design and recyclability
assessment procedures. It aims to increase recycling
rates and improve recycled material quality.

+ Harmonization of Extended Producer Responsibility
(EPR) Fee Modulation Criteria: This involves harmoni-
zing EPR fee modulation criteria to incentivize impro-
ved packaging design and recycling. It aims to make
recycling targets more efficient and cost-effective.
Mandatory Compostability for Certain Plastic Packa-
ging Types: Lightweight plastic carrier bags, tea bags,
and labels on fruits and vegetables must be made from
compostable plastic polymers. This measure aims to
reduce waste contamination and increase the usage of
compostable plastic.

Broad Targets for Plastic Packaging Recycling: Manda-
tory targets for postconsumer recycled content in pla-
stic packaging for 2030 and 2040 are set to increase
the use of recycled content and reduce environmental
impacts.

Mandatory Deposit Refund Systems (DRS) and Mini-
mum Requirements: DRS systems for plastic bottles
and metal cans are made compulsory, with voluntary
systems for other beverage containers. This measure
aims to increase waste collection and purity rates.

+ Harmonized Labelling of Products and Waste Recepta-
cles: Uniform labeling systems are introduced to facili-
tate waste sorting and harmonize collection systems
across the EU.

+  Restrictions on Confusing Labels: This measure re-
stricts how information on packaging is communicated
to reduce consumer confusion.

+ Labelling Criteria for Recycled Content: Standardized
labeling requirements for recycled content in packa-
ging are introduced to prevent misleading claims.

+ Harmonized Labelling for Reusable Packaging: A man-
datory symbol for reusable packaging is introduced to
promote reuse and prevent fragmentation of labeling
schemes.

Notifying Substances of Concern in Packaging: Legal
obligations have been introduced to inform substances
of concern in packaging to enhance safety and transpa-
rency.
Mandatory Minimum Green Public Procurement Crite-
ria for Packaging: Mandatory minimum criteria for en-
vironmentally friendly packaging in public procurement
are established to promote sustainability.
+Harmonization of EPR Reporting System for Packaging
Producers: Reporting requirements for Extended Pro-
ducer Responsibility systems are harmonized to stre-
amline data processing and reporting.
Reporting Obligation on Plastic Carrier Bags: To ensure
comprehensive data collection, reporting requirements

for plastic carrier bags are extended to include bags of
different thicknesses.

Finally, a third set of options represents a more am-
bitious approach, covering higher mandatory targets for
waste reduction, reuse and recycled content, and additional
product requirements. These measures can produce more
significant environmental benefits and resource savings.
However, they can also imply implementation burdens and
higher economic costs for industries in the sector. How-
ever, the potential long-term benefits of these measures,
in terms of reduced environmental impacts and greater
resource efficiency, justify their consideration as a policy
option. The key measures are:

Mandatory high-level targets to increase packaging
reuse and refill by 2030/2040 in selected sectors. The
targets aim to reduce packaging waste and increase
reusable packaging, with estimated economic impacts
and environmental benefits.

Banning the heaviest packaging for selected items by
2030 based on existing lighter alternatives. This meas-
ure initially targets plastic and glass bottles and aims to
reduce overall waste generation.

Establishing a mandatory target of a 23% reduction in
packaging waste per capita by 2030 compared to the
baseline. This measure aims to reduce waste and has
significant economic and environmental impacts.

+ Quantitatively defining recyclable packaging based on
actual recycling rates. This measure aims to increase
recycling rates, but its implementation needs to be im-
proved due to technological limitations.

Mandating compostability for selected plastic pack-
aging types. While this measure eliminates consumer
confusion, it poses challenges for the packaging indus-
try and faces opposition from waste management sec-
tors and Member States.

Introducing higher ambition and broad targets for re-
cycled content in plastic packaging by 2030 and 2040.

This measure aims to increase recycling rates but may
need help due to tighter market conditions. Including prior-
itized use of recycled packaging from Deposit Refund Sys-
tems (DRS), waste collection schemes alternative to DRS,
notification of all substances in packaging, restrictions of
substances under the reviewed PPWD, mandatory mini-
mum Green Public Procurement (GPP) criteria for pack-
aging, and compulsory reporting requirement for recycled
content for all packaging. These measures aim to support
recycling, reduce environmental impact, and ensure pack-
aging sustainability.

3.2 Sustainable Packaging Regulation

The proposal for a Regulation of the European Parlia-
ment and of the Council is made up of twelve chapters and
64 articles that can generally be described as follows:

«  Chapter | (Articles 1 to 4) outlines the general provi-
sions and defines the regulation’s scope, including
requirements for the entire packaging lifecycle, envi-
ronmental sustainability, labeling, extended producer
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responsibility, and packaging waste management. The
regulation aims to facilitate the placement of packa-
ging on the market while addressing environmental
concerns and promoting the transition to a circular
economy. Specifies that the regulation applies to all
packaging and packaging waste types, irrespective of
the material used. Provides definitions necessary for
understanding the regulation, including terms adopted
from existing legislation and new definitions related
to recyclable packaging, recycled content in plastic
packaging, reusable packaging, and packaging waste
prevention. Establishes the principle of free movement
within the single market for packaging that meets the
sustainability and labeling requirements outlined in the
regulation.

Chapter Il (Articles 5 to 10) addresses the regulation
details sustainability requirements for packaging and
imposes restrictions on the concentration levels of cer-
tain substances in packaging, such as lead, cadmium,
mercury, and hexavalent chromium. The Commission
can adjust these restrictions and grant exemptions
through delegated acts. Mandates that packaging
must be recyclable, with specific criteria to be met in
two stages. By January 1, 2030, packaging must com-
ply with design criteria for recycling, and by January
1, 2035, it must also meet requirements for effective
collection, sorting, and recycling (“recycled at scale”).
The Commission will establish criteria and methodo-
logies for assessing recyclability and recycling scale
through delegated acts. Financial contributions by
producers for extended producer responsibility will be
based on recyclability performance grades, which will
include thresholds for recyclability at scale from 2035
onwards. Innovative packaging and specific medical
device packaging are granted exemptions until 2034.
Stipulates that plastic packaging must contain a mi-
nimum amount of recycled content from postconsu-
mer plastic waste by January 1, 2030, with increasing
amounts required by January 1, 2040. The Commis-
sion will establish a methodology for calculating and
verifying recycled content percentages and may adjust
the minimum percentage through delegated acts. Defi-
nes conditions for compostable packaging and speci-
fies certain items, such as filter coffee pods and sticky
labels on fruits and vegetables, that must be compo-
stable within 24 months of the regulation’s entry into
force. Other packaging, except for lightweight plastic
carrier bags, must be eligible for material recycling. The
Commission can amend the list of compostable packa-
ging through delegated acts. Mandates minimizing
packaging weight and volume while ensuring safety
and functionality, with compliance demonstrated throu-
gh technical documentation. Outlines requirements for
reusable packaging, including being designed for multi-
ple uses and part of a reuse system meeting specified
conditions outlined in Annex VI of the regulation.
Chapter IIl (Articles 11 to 13) of the regulation focuses
on labeling, marking, and information requirements for
packaging. Article 11 mandates that packaging contain
a label containing information about its material com-

4.

position to aid consumer sorting. Similar labels should
be placed on waste receptacles to assist consumers
in identifying appropriate disposal routes. Harmonized
labels may also include information about recycled
content in plastic packaging, and reusable packaging
should feature a QR code or other data carrier facilita-
ting reuse. The Commission has the authority to esta-
blish harmonized labeling requirements and formats,
including digital marking technologies.

Chapter IV (Articles 14 to 28) outlines obligations for
economic operators, including provisions regarding in-
formation exchange between suppliers and manufactu-
rers, maximum space in packaging, and restrictions on
specific packaging formats and purposes. Economic
operators must ensure systems for reuse are in place
for reusable packaging and comply with refill require-
ments for products offered for purchase through refill
stations.

Chapter V (Article 29) limits the annual consumption
of lightweight plastic carrier bags and provides
exemptions for certain types of bags.

Chapter VI (Articles 30 to 34) addresses conformity as-
sessment procedures for packaging.

Chapter VII (Articles 35 to 51) focuses on managing
packaging and packaging waste, including require-
ments for Member States to designate competent
authorities, establish waste management plans, and
progressively reduce packaging waste generation. It
also mandates the establishment of producer registers,
extended producer responsibility, and deposit and re-
turn systems for specific single-use packaging.
Chapter VIII (Articles 52 to 56) covers safeguard pro-
cedures.

Chapter IX (Article 57) allows for the adoption of dele-
gated acts to establish green public procurement requi-
rements.

Chapter X (Articles 58 and 59) includes delegated and
implementing acts provisions.

Chapter XI (Articles 60 and 61) contains amendments
to existing regulations.

Chapter XII (Articles 62 to 64) contains final provisions,
including penalties, an evaluation of the regulation after
eight years, and transitional provisions.

RESULTS AND DISCUSSION

Considering the application of the proposed Regula-

tion of the European Parliament and the Council, environ-
mental impacts result mainly in reducing greenhouse gas
(GHG) emissions and water use. Thus, by 2030, there could
be a reduction of 1.1 million tons of CO_e emissions and a
decrease in water use by 31,000 m3. Considering the per-
spective that all packaging must be reusable or recyclable,
such a change could be responsible for significant sav-
ings, which could result in a reduction of around 812,000
tons of CO,e emissions and a reduction of 29,000 m? in
water use due to the decrease in the amount of packaging
waste sent for incineration. On the other hand, diverting
packaging waste from incineration and landfills for recy-
cling could save 550,000 tonnes of CO,e emissions and
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reduce water use by 18,000 m®. Given its current absence,
the Commission’s definition of recyclable packaging is
crucial. Although the impact of introducing only a qualita-
tive definition on recycling rates is not globally significant,
certain types of packaging could see an increase in recy-
cling rates of 3 to 5%. This change could generate savings
of 1.2 million tons of CO,e emissions and a reduction of
44,000 m® in water use. However, while recycling can re-
duce greenhouse gas emissions and resource depletion,
mechanical recycling may increase microplastic emis-
sions (Gabisa et al., 2023). MNPs can enter the food web,
affecting marine organisms and potentially human health
through cytotoxicity and immune responses (Mofijur et
al., 2021; Yee et al., 2021). Advanced imaging techniques
have shown direct evidence of nanoplastic release from
recycled plastics (Zhang et al., 2020). MNPs can interact
with other contaminants, increasing toxicity and potential-
ly biomagnifying in the environment (Singh et al., 2021).
Current research gaps include developing quantification
techniques, understanding degradation mechanisms, and
creating sensors for environmental detection (Singh et al.,
2021).

Table 1 describes the sectors and types of packaging
and products with the most significant economic and envi-
ronmental impacts with the targets for 2030 and 2040 on
the new Regulation. The adoption of reusable packaging is
expected to result in reductions in GHG emissions of 1.25
million tons of CO,e in 2030 (5.54 million tons of CO,e in

2040) and a decrease in water consumption of 69,000 m?
in 2030 (212,000 m? in 2040). The progressive elimination
of avoidable or unnecessary packaging suggests a reduc-
tion of 2.18 million tons of CO,e emissions and 91,000 m?
of water use. Measures such as reducing space, phasing
out unnecessary packaging, and reuse targets contribute
to almost 60% of waste reduction. EU member states are
tasked with lowering absolute packaging waste per in-
habitant, targeting a 19% reduction compared to the 2030
baseline, equivalent to a 5% reduction compared to 2018
values. In terms of reduction of GHG emissions in 2030
compared to the base scenario, they are estimated at 11.8
million tons of CO,e. The definition of recyclable packag-
ing is based on design criteria for recycling, complement-
ed by a recyclability assessment procedure and a nega-
tive list of non-recyclable packaging characteristics. This
measure is expected to result in environmental benefits,
with savings equivalent to 4.2 million tons of CO,e emis-
sions and a reduction of 150,000 m?® in water use. Manda-
tory compostability is required for certain types of select-
ed plastic packaging, while compostable or conventional
plastics are permitted for others. This measure includes
lightweight plastic bags, tea bags (and similar items such
as capsules or coffee bags), and fruit and vegetable stick-
on labels, all of which must be produced from composta-
ble plastic polymers. The estimated model predicts sav-
ings of 1.1 million tons of CO,e emissions. However, we
cannot fail to mention that bioplastics, introduced as envi-

TABLE 1: Reuse/refill targets for particular packaging for 2030 and 20490 in the EU.

Sector Packaging type Packaging groups and products

Target
2030/ 2040

Target
2030/ 2040

Food and Primary

beverage refill

Beverage (cold and hot) served into a container at the point of sale
for take-away, to be sold in packaging within a system for re-use or

20% / 80% 30% / 95%

(HORECA)

Primar
y use or refill

Food for take-away, to be sold in packaging within a system for re-

10% / 40% 20% / 80%

Primary

system

Alcoholic beverages (wine and spirits not included) and products
based on wine, spirits, or other fermented beverages mixed with
non-alcoholic beverages, to be sold in packaging in a reuse or refill

10% / 25% 20% / 80%

Food and

beverage Primary

Wine, sparkling wine, spirits, and other spirituous beverages are to be
sold in packaging within a system for reuse or refill

5%/ 15% 20% / 80%

(Retail)

Primar
y for re-use or refill

Non-alcoholic beverages are to be sold in packaging within a system

10% / 25% 20% / 80%

Tertiary sold in reusable packaging

Large household appliances, e.g., washing machines or fridges, to be

90% / 90% 20% / 80%

Tertiary
packaging

Goods sold using pallets, crates, foldable boxes, pails, and drums
for the conveyance or packaging of the goods, to be sold in reusable

30% / 90% 20% / 80%

Tertiary

Non-food goods sold via e-commerce using packaging for transport
and delivery, to be sold in reusable packaging

10% / 50% 20% / 80%

Commercial and Tertiary

Industrial

Pallet wrappings and straps for stabilization and protection of goods
during transport, to be sold in reusable packaging

10% / 30% 20% / 80%

Tertiary

re-use.

Grouped packaging boxes used for wholesale (excluding cardboard)
to group a certain number of goods to create a stock-keeping pack-
aging unit are classified as reusable packaging within a system for

8%/ 25% 20% / 80%

Secondary

Grouped packaging boxes use outside sales packaging to group a
certain number of goods to create a stock-keeping packaging unit,
which is classified as reusable packaging within a system for re-use.

8%/ 25% 20% / 80%
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ronmentally friendly alternatives to conventional plastics,
are defined as biodegradable if they can be decomposed
by microorganisms into carbon dioxide, methane, inor-
ganic compounds, and biomass (Lavagnolo et al., 2024).
However, the biodegradability of bioplastics is influenced
by their physical and chemical structure, environmental
conditions, and microbial populations (Folino et al., 2020).
Standard methods for assessing biodegradability often
fail to provide clear targets and may not accurately repre-
sent real-world conditions (Folino et al., 2023; Lavagnolo
et al.,, 2024). Research has shown significant variability in
biodegradation rates across different environments, in-
cluding compost, soil, and aquatic habitats (Kliem et al.,
2020). The comparison of results from different studies
is challenging due to variations in methodologies and ex-
perimental conditions (Lavagnolo et al., 2024). Future re-
search should focus on long-term field experiments and
standardized testing methods to better understand the
environmental fate of bioplastics (Polman et al., 2021; Af-
shar et al., 2024).

Regarding measures regarding the recycled content of
plastic packaging, recycling efforts and incorporating re-
cycled content in the EU alleviate uncertainty associated
with oil supplies related to geopolitical issues. The 2030
medium ambition target is expected to reduce the EU’s fos-
sil fuel needs by 3.1 million tons annually. Increasing the
recycled content of plastics is estimated to save 6.5 billion
tons of CO,e emissions compared to the 2030 baseline.

Mandatory high-level targets are set to increase pack-
aging reuse and replenishment by 2030/2040 in selected
sectors. These targets are expected to reduce packag-
ing waste by 7.8% in 2030 (26.4% in 2040). Furthermore,
this measure aims to increase the percentage of reusable
packaging from 2.4% in the 2030 baseline to 8.6% (19.2%
in 2040). The predicted increase in reusable packaging for
2030 is expected to result in a decrease in GHG emissions
of 2.67 million tons of CO,e (15.76 million tons of CO,e in
2040) and water consumption of 118,000 m? (451,000 m?
in 2040). By 2030, heavier packaging for selected items is
expected to be banned in favor of existing lighter alterna-
tives. This measure estimates a reduction of 766 thousand
tons of CO,e emissions and 39,000 m? of water in 2030. A
mandatory target of a 23% reduction in packaging waste
per capita by 2030 compared to the baseline is set, equiv-
alent to a 10% reduction compared to waste generated in
2018. The environmental impact of this measure includes
a decrease estimated in 2030 relative to the baseline of
14.6 million tons of CO,e emissions.

Regarding measures on recyclability and composta-
bility in the policy option, a quantitative definition of recy-
clable packaging is implemented, with estimated savings
of 8.3 million tons of CO,e emissions and 287,000 m? in
2040. Mandatory compostability for all selected types of
plastic packaging is applied, with an estimated saving of
2.1 million tons of CO,e emissions. With greater ambition
and broad targets for recycled content in plastic packag-
ing, reducing the EU's fossil fuel needs would amount to
4.5 million tons per year. The model predicts savings of 12
million tons of CO,e emissions and a reduction of 930,000
m? of water use.

5. CONCLUSIONS

The proposed Regulation of the European Parliament
and the Council on packaging and packaging waste man-
agement presents a comprehensive approach to address-
ing packaging materials’ environmental and economic
challenges. The EU aims to promote sustainability, circular-
ity, and resource efficiency in the packaging sector through
policy options and regulatory measures. Key measures
include increasing the reuse and recyclability of packag-
ing, eliminating unnecessary packaging, and boosting the
recycled content in plastics. By 2030, these initiatives are
expected to significantly reduce more than 1 million tons
of CO,e emissions and decrease water consumption, with
even more significant reductions projected by 2040.

The transition to reusable packaging and the gradual
elimination of superfluous packaging are central strategies
for achieving these environmental goals. By reducing the
amount of waste sent for incineration and landfills, along-
side higher recycling rates, the proposed measures will lead
to substantial savings in CO,e emissions and water usage.
However, the successful implementation of these meas-
ures will depend on clear and comprehensive definitions
of recyclable packaging to maximize their effectiveness.

While recycling offers many environmental benefits, the
text also highlights potential risks, such as the increased
release of microplastics during mechanical recycling,
which can threaten ecosystems and human health. These
microparticles may interact with other contaminants, am-
plifying toxicity and spreading through the food chain.
Additionally, the biodegradability of bioplastics, which are
promoted as a sustainable alternative to conventional
plastics, varies significantly depending on environmental
conditions and material structures. There is substantial
variability in biodegradation rates across different environ-
ments, such as composting, soil, and aquatic ecosystems,
and a lack of standardized methodologies makes it chal-
lenging to compare results between studies. As a result,
ongoing and more extensive research is needed, particu-
larly in long-term field experiments and the development
of standardized testing methods, to better understand the
environmental fate of bioplastics and the impacts of plas-
tic recycling.

The ambitious targets for increasing recycled content
in plastic packaging and reducing per capita packaging
waste underscore a commitment to reducing the EU'’s re-
liance on fossil fuels while promoting a more sustainable
circular economy. By increasing recycled content, Europe
is projected to save millions of tons of CO,e emissions
and large volumes of water. Therefore, these measures are
crucial for the European Union to meet its broader environ-
mental objectives, advancing the transition to a future with
lower environmental impact and greater resource efficien-

cy.
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1. INTRODUCTION

The concept of a circular economy has been inves-
tigated by many, from various perspectives and in many
domains. These investigations include contributions by the
present author in the fields of business and engineering
(Alvarez-Risco et al., 2022), the plastic industry (Alvarez-Ri-
sco et al., 2020), the food industry (Del-Aguila-Arcentales
etal.,, 2022), and companies in pandemic times (Alvarez-Ri-
sco et al., 2021).

The use of energy as a tool for addressing a circular
economy and measuring the benefits of sustainable en-
ergy systems can be misleading and confusing. However,
the thermodynamic quantity exergy, which can be used to
help address a circular economy and to enhance energy
systems, can help better understand the potential benefits
of relevant measures.

Exergy can clearly identify efficiency improvements
and reductions in wastes and environmental impacts. Ex-
ergy can also identify better than energy ways to improve
environmental benefits and economics. Hence, many re-
searchers suggest that the impact of energy use on the
environment, the achievement of increased efficiency, and
the economics of energy systems are best addressed by
considering exergy (Dincer and Rosen, 2021; Demirel and
Rosen, 2023). Thus, many exergy methods have been de-
veloped, e.g., exergy analysis for efficiency improvement,
and exergoeconomics for improving the economics of en-
ergy systems. Thus, exergy has an important role to play in
addressing a circular economy.

This article discusses these points with the objective of
demonstrating how exergy can help improve understand-

The use of exergy is described as a tool for addressing a circular economy so the
benefits can be appreciated and attained. Exergy can be used to understand circular
economy measures and to assess and improve energy systems, and can help bet-
ter understand the benefits of utilizing sustainable energy by providing more useful
and meaningful information than energy provides. Exergy clearly identifies efficiency
improvements and reductions in wastes and environmental impacts attributable to
sustainable energy. Exergy can also identify better than energy the environmental
benefits and economics of energy technologies. Exergy should be applied in ad-
dressing a circular economy.

ing and applying exergy methods for addressing a circular
economy.

2. USES OF EXERGY

2.1 Efficiency improvement and emissions reduc-
tion

The primary use of exergy analysis is as a methodology
for understanding the behavior of and improving the effi-
ciency of energy systems. The exergy method is useful for
improving efficiency because more meaningful efficiencies
are evaluated with exergy rather compared to energy, since
exergy efficiencies are always a measure of the approach
to the ideal.

2.2 Government and public policy

Facets of exergy relate to government policies, strate-
gies and priorities in areas such as environment, energy,
natural resources, industry and economic development.
Governments can use exergy methods in establishing pub-
lic policies in such areas to increase the benefits. Some of
these follow:

Environment policies. In recent decades, various exer-
gy-environment methods have evolved, which can be
integrated with government environmental policy.text
text text

Energy and natural resources policies. Exergy can pro-
vide a useful perspective for governments to establish
natural resource and energy security, for a country or
societies within it.
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Economic and industry policies. Exergy methods can
be integrated with economics to address financial and
economic problems in industry.

+  Global, national and regional policies. Evaluations have
been carried out of exergy flows through the world,
countries and regions, and help in understanding the
true efficiency of energy and resource use in these ju-
risdictions.

3. EXERGY AND ECONOMICS

Economic issues are important in assessing systems.
In designing systems, technical disciplines (especially ther-
modynamics) are combined with economics to achieve
preferred and optimal systems. For energy system, costs
are usually based on energy, although many suggest costs
are better distributed among outputs based on exergy.

Numerous exergy-economic methods have been de-
veloped, e.g., exergoeconomics, thermoeconomics and
second-law costing. Some researchers have critically
reviewed costing methods using exergy, while others de-
scribe thermoeconomic optimization. Some even use exer-
gy in describing price-driven economic order systems from
a thermodynamic perspective. One reason costs are better
distributed among outputs when based on exergy is that
exergy often is a consistent measure of economic value,
while this is true only sometimes for energy.

4. EXERGY, ENVIRONMENT AND SUSTAINA-
BILITY

Although energy and resources help meet human needs
and improve living standards and quality of life, they gener-
ally lead to environment impacts. The UN Sustainable Devel-
opment Goals (2015-2030) reinforce and expand on these
ideas (UN, 2015; Rosen, 2021b). In particular, carbon dioxide
emissions mitigation can be achieved by introducing sus-
tainable and renewable energy sources, reducing the fos-
sil fuel portion of the energy mix and increasing efficiency.

4.1 Exergy and the environment

Environmental actions can reduce impacts like climate
change by lowering resource and energy losses. This rais-
es exergy efficiency and reduces exergy losses. One link
between environmental impact and exergy stems from the
latter being a measure of the departure of the state of a
system from the environment (Rosen, 2021a). The exergy
of a system, which depends on the states of both the sys-
tem and the environment, is zero only when the system and
its environment are in equilibrium.

Recently, activity regarding improving understanding of
the relation between exergy and the environment has ex-
panded (Nizeti¢ and Papadopoulos, 2018). Kilkis and Kilkis
(2017) propose exergy metrics for energy, the environment,
and the economy. Exergoeconoenvironmental analysis is
considered forimproving understanding of systems and for
developing thermodynamically, economically, and environ-
mentally sound energy conversion systems (Esmaeilion et
al.,2024; Moharamian et al.,2023). Also, Nwodo et al. (2020)
have recently reviewed exergetic life cycle assessment.

Research on the relation between exergy and ecology
has also increased in recent years. Valero et al. (2018)
describe the theory of exergy cost and thermo-ecological
cost, and assess the exergy degradation of natural capi-
tal. Some consider thermo-ecological cost for quantifying
the exergy and ecology connection. Sciubba (2019) has re-
viewed exergy-based ecological indicators. Some consider
eco-exergy as an indicator of ecosystem complexity, and
Hothersuse exergy as an index for system-level ecological
risk assessment of contaminates. Issues have also been
examined, e.g., Nielsen (2019) discusses issues arising
when shifting the concept of exergy among ecological lev-
els and domains.

Some studies have focused on climate change. For ex-
ample, some examine limits imposed by the second law of
thermodynamics on reducing greenhouse gas emissions,
while Hernandez and Cullen (2019) describe exergy as a
universal metric for measuring resource efficiency to ad-
dress industrial decarbonisation. Veiga and Romanelli
(2020) examine the mitigation of greenhouse gas emis-
sions using exergy, and Zhang and Reistad (1998) analyze
energy conversion systems with exergy methods, including
material and global warming aspects. Khajehpour et al.
(2019) consider responsibility allocation of climate change
based on exergy. Arango-Miranda et al. (2018) investigate
the role of exergy in carbon dioxide emissions, energy
consumption and economic growth, while Wu and Wang
(2020) explore avoidable carbon emissions by reducing ex-
ergy destruction based on advanced exergy analysis.

4.2 Exergy and sustainability

The United Nations Sustainable Development Goals for
2015-2030 (UN, 2015) spell out a broad view for moving
the world towards sustainability, and energy is a key aspect
of many of the 17 goals. Sustainability requires sustaina-
ble energy resources be used, both cleanly and efficiently
(Rosen, 2021b). Exergy methods aid in improving efficien-
cy, thereby enhancing the benefits derived from resources
while mitigating problems like environmental impact and
lengthening the lifetimes of finite resources. When striving
for sustainability, one seeks energy resources that cause
no environmental impact. This probably involves using en-
ergy resources that lead to no environmental waste emis-
sions or only waste emissions having no environmental
impact, the latter relevant when environmental emissions
are inert or in equilibrium with the environment. In actual-
ity, resource use entails some environmental impact, and
increased efficiency can offset some of the limitations im-
posed on sustainability by environmental emissions. Even
if inexpensive and widely available, it will be advantageous
to use energy resources efficiently to reduce the corre-
sponding resource needs (energy, material, etc.) to build
the relevant systems and environmental impacts.

Others have examined exergy and sustainability rela-
tions. Nielsen (2020) describes an exergy-based approach
to sustainable development indicators, while Lucia and
Grisolia (2019) consider exergy inefficiency as an indicator
for sustainable development. Whiting et al. (2017) describe
the use of exergy to evaluate the sustainability of fossil fu-
els and non-fuel mineral depletion and Zhang et al. (2018)
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improve understanding of fuel sustainability from the ex-
ergy viewpoint. Stanek et al. (2019) describe exergy as a
measure of sustainability through thermo-ecology. Exergy
is used as an element of a method to assess the environ-
mental impact and sustainability of energy systems (Kieh-
badroudinezhad et al., 2023; Jalili et al., 2024).

5. EXERGY AND A CIRCULAR ECONOMY
5.1 Resources and resource depletion

Many investigations focusing on the application of ex-
ergy methods to resources, from the perspective of a cir-
cular economy have been reported. Many of these studies
relate to energy resources, due to their widespread usage
and the many concerns related to them, regarding environ-
mental impacts, resource supplies, economics and other
factors. Numerous studies have also been carried out on
other resources such as metals and plastics.

An interesting general study is the one by Llamas et
al. (2024), which examines the quantification of resource
dissipation using an exergy approach, as a means of sup-
porting a circular economy. They write, “exergy analysis
highlights irreversibilities in circular economy systems, and
it provides an appropriate and complementary resource
efficiency indicator,” and that through the irreversibilities
obtained with exergy analysis, “their dissipative role in the
circular economy can be quantified.”

5.1.1 Energy resources

Energy resources have been examined using exergy
methods for decades, and recently many have focused on
a circular economy. The advantages of exergy in address-
ing energy issues as part of a circular economy have been
examined by the present author (Rosen, 2022; Dincer and
Rosen, 2021; Demirel and Rosen, 2023). For instance, Dinc-
er and Rosen (2021) describe eco-industrial clusters that
integrate circular economy with industrial ecology based on
industrial symbiosis. Cooper et al. (2017) provide insights
on a circular economy from a thermodynamic perspective
focused on exergy. The study involves analyses of the im-
pact of a range of circular economy approaches on energy
use, which proves to be a particularly important applica-
tion area for exergy methods with respect to circularity.

Waste to energy: Sharma et al. (2020) investigate the
waste-to-energy nexus as part of a circular economy includ-
ing environmental protection, including an exergy perspec-
tive. Their focus on the employment of biological methods
for waste materials is a key part of their waste-to-energy
approach, which helps in addressing concerns about waste
management, energy demand and environmental impact.

de Almeida and Borsato (2020) extended the RIPEx
exergy-based method, which quantifies energy and mate-
rial flows in terms of exergy and considers environmental
impact, efficiency and cost, yielding a method they claim
may support waste to energy as part of a circular econo-
my. The inclusion of exergy in the method is central to its
advantages.

Energy conservation: Alvarez et al. (2022) propose a
product innovation method based on exergy and knowl-
edge management that they claim is essential for energy

conservation and environmental protection. The method
helps to raise exergy efficiencies by lowering exergy de-
struction rates, i.e., irreversibilities, to support the circular
economy. Their approach is transdisciplinary and contrib-
utes to climate change mitigation, which is an important
area in general as well as for circularity, and which benefits
notably from applying exergy concepts.

Heating: North and Jentsch (2021) formulate an ap-
proach to heating processes supportive of a circular econ-
omy that focuses on exergy. The application of exergy
analysis helps identify resource options that are efficient
and conserve primary energy resources greatly. They focus
on applications to buildings, although heating for other ap-
plications benefits similarly from the application of exergy
methods.

Renewable energy: Much research has focused on re-
newable energy sources as alternatives to fossil fuels in
support of a circular economy, often from exergy view-
points. In a general manner, Alvarez et al. (2022) investi-
gate the modeling product innovation from renewable
energy based on an exergy methodology. Through energy
conservation and environmental protection, the method
helps to shift towards a circular economy.

Different types of renewable energy have received at-
tention, given they all have applications where they can
be advantageous. Cano et al. (2020) apply life cycle as-
sessment based on exergy indicators to contrast the use
of renewable and non-renewable resources in processes
in a circular economy. Various renewable resources from
nature are considered, including hydraulic, solar and wind,
allowing for a reduction in consumption of non-renewable
resources. Alvarez et al. (2022) consider the innovation of
products utilizing renewable energy to satisfy environmen-
tal protection regulations. Their focus on exergy helps in
climate change mitigation and achieving a circular econo-
my. Novak (2017) focuses on a sustainable energy system
based on renewable energy in support of a circular econ-
omy, following exergy methods. The author stresses how
the circular economy necessitates exergy considerations
in technology and economic patterns.

Solar energy has received much attention in recent
years and applications have grown considerably, espe-
cially in the area of photovoltaic (PV) systems. Bartie et
al. (2020) focus on the role of metallurgical infrastructure
in their analysis of the resource efficiency of the circular
economy, focusing on cadmium telluride PV technology
and its life cycle. The work focuses on thermodynamic lim-
its that are made clear with exergy methods. Bartie et al.
(2021) assess solar resources from an exergy perspective
through photovoltaic technology, and examine the opportu-
nities it provides for a circular economy. The authors focus
on opportunities for recovery of resources to sustain PV
industry growth through consideration of the PV life cycle,
and point out how the technical limits of circularity are
highlighted via exergy methods.

Alternative fuels: Various fuels that are alternatives to
fossil fuels have been considered from exergy perspec-
tives, in support of a circular economy. These fuels facil-
itate the use of renewable energy sources in most cases,
thus making energy systems more circular.
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One important alternative fuel is hydrogen, which has
received increasing interest in recent decades. Martin-
ez-Rodriguez and Abdnades (2020) assess and compare
hydrogen production techniques (e.g., electrolysis and
pyrolysis) with exergy methods. The work can support
a hydrogen economy, in which the main energy carriers
are electricity and hydrogen, which in turn can support a
circular economy. Sharma et al. (2020) investigate hydro-
gen energy trends as part of a waste-to-energy nexus and
thereby part of a circular economy. They focus on hydro-
gen yields, economics, research and development needs,
commercial viability and sustainable development, all in
support of a circular economy. They note the imperative
need for a circular economy and sustainable develop-
ment. Novak (2017), in considering exergy as sustaina-
bility measure for energy systems, proposes hydrogen
production from solar and planetary energy at high exer-
gy efficiency as a means to a circular economy that can
support the development of societies. The work focuses
on known chemical processes and existing infrastructure,
with an aim of reducing the harm caused by fossil fuels
and their resource limitations.

Another important alternative fuel is methanol. Vilardi
et al. (2020) investigated methanol production with exergy
methods via biogas upgrading routes. The authors claim
these are key to a circular economy by permitting reuse of
wastes. Novak (2017) proposes methanol from solar and
planetary energy as part of a circular economy, partly in ex-
tension of work on hydrogen production. The work, based
on exergy methods, incorporates carbon recycling.

Novak (2017) proposes synthetic methane produced
from solar and planetary energy as part of a sustainable
energy system in support of a circular economy. The work
is founded on an exergy approach. The work provides an
interesting focus, given methane is a key constituent of
natural gas, but the synthetic nature of the product meth-
ane avoids issues associated with natural gas utilization.

Vilardi et al. (2020) focus on biogas production and
treatment to generate alternative bio-derived fuels for a
circular economy, drawing on waste sources and exergy
methods. Following an exergy approach, Novak (2017) pro-
poses using solar and planetary energy like biomass within
a circular economy to produce gaseous and liquid fuels, via
chemical processes.

5.1.2 Non-energy resources

Non-energy resources have been examined using ex-
ergy methods, sometimes focusing on a circular econo-
my. North and Jentsch (2021) adopt a circular economy
approach that involves decoupling resource consumption
from resource depletion. Gai et al. (2021) examine the
recycling of multiple resources, by considering materials
recovery, exergy demand and economics as well as the
trade-offs between them. They apply the work to industrial
and urban processes. In support of sustainable production
and consumption, Hernandez and Cullen (2019) propose
exergy as a universal metric for increasing resource effi-
ciency and reducing global carbon emissions. They work
is developed under the rubric of material efficiency or cir-
cular economy, and has the potential for widespread appli-

cation in many disciplines given its “universal” intent and
approach.

Much work on non-energy resources relates to met-
allurgy and metals. Reuter et al. (2019) examine material
and metallurgical issues from the viewpoint of product
design, within a circular economy. They utilize a product
(mineral)-centric approach and clarify limitations of mate-
rial-focused considerations. Abadias Llamas et al. (2020)
report an exergy analysis of zinc production for large cir-
cular economy systems. The exergy-based methodology
demonstrates resource efficiency limits through exergy
dissipation, in terms of material losses. Hannula et al.
(2020) examine aluminum recycling and related process-
es with exergy, focusing on separation processes. Through
the work, they demonstrate that recycling and process met-
allurgy are the main enablers of a circular economy. Cano
et al. (2020) examine gold mining using exergy indicators
within a life cycle assessment. They consider both open-pit
and alluvial mining. Applying a circular economy focus, the
helps in reducing resource consumption. Focusing on cad-
mium telluride production, Bartie et al. (2020) examine the
roles of mineral processing, extractive metallurgy and met-
allurgical infrastructure in a circular economy, while con-
sidering thermodynamic limits via exergy methods. Making
metal processes more circular is an important need in a
circular economy, given the pervasiveness of the usage of
metals. Finally, Llamas et al. (2024) use exergy to quantify
resource dissipation for metallurgical processes and point
out how it provides an appropriate and complementary re-
source efficiency indicator for them.

Other work on non-energy resources involves non-met-
al materials and, like metal processes, making them more
circular is an important need in a circular economy given
their extensive usage. Reuter et al. (2019) examine material
factors, within a circular economy and identify limitations
of material-focused considerations through exergy. Cano
Londofio and Cabezas (2021) present their perspectives on
a circular economy via a supply chain strategy, considering
the thermodynamic limitations in terms of exergy factors.
The work focuses on maintaining materials in a useful
state in products, and avoiding losses and dissipation. Spe-
cific materials have also been examined. Textiles like cot-
ton have been assessed by Popescu et al. (2022) for their
exergy footprint in terms of recycling. Popescu et al. (2022)
also examine polyethylene production in a related manner.
The work involves the entire process chain of polyethylene
synthesis by recycling cotton waste, and demonstrates
how circular economy approaches tend to decrease the ex-
ergy footprint. Russo et al. (2021) examine the production
and recycling of polymers and plastic based on exergy. The
work is useful for developing recycling processes for plas-
tics. Ortego et al. (2023) extend this work focusing on plas-
tic car parts, highlighting the recycling challenges because
of the wide variety of plastics used. Huysman et al. (2017)
examine post-industrial plastic waste and relevant perfor-
mance indicators for a circular economy, accounting for cu-
mulative exergy extraction. Some of the indicators are ob-
served to be useful for guiding how to use waste streams,
based their quality and environmental considerations.
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5.2 Chemical processes

Many investigations have been reported of chemical
processes a circular economy, following exergy methods,
and this is not surprising given the particular benefits of ex-
ergy to processing operations of a chemical nature in par-
ticular. Focusing on a chemical engineering context, Cano
Londofio and Cabezas (2021) examine various views on a
circular economy and sustainable development, consider-
ing the thermodynamic limitations through exergy. A wide
range of diverse chemical processes have been consid-
ered. The benefits are demonstrated of efficient resource
use and efficient technology. As well, the valorization and
minimization of wastes is rationalized and quantified via
exergy.

Many specific chemical processes have been investi-
gated. Sharma et al. (2020) investigate hydrogen energy
trends, in support of a circular economy, considering bio-
logical and chemical processes for wastes. They consider
such processes as dark fermentation, photofermentation,
and combined dark and photofermentation, as well as pre-
treatment methods including heat treatment, acid or base
treatment, ultrasonication, aeration and electroporation.
Vilardi et al. (2020) examine several processes for biogas
upgrading to biomethane (amine scrubbing, water scrub-
bing and membrane separation) with exergy methods, con-
sistent with the precepts of a circular economy. The upgrad-
ed biogas is developed to meet the standards for injection
into a grid, and is also usable directly. Vilardi and Verdone
(2022) also examine with exergy the processes involved in
waste incineration, including oxy-combustion, air separa-
tion and flue gas recirculation. Waste reuse is confirmed
through the results to be an important aspect of a circular
economy. In examining with exergy methods the polymers
and plastics production and recycling, Russo et al. (2021)
consider the life cycle of nine commercial polymers and
the resource consumption during all processes to generate
the crude polymeric material. By considering such a variety
of polymers, the generality of the exergy-based approach is
demonstrated to have great breadth. In investigating pol-
yethylene production via the exergy footprint, Popescu et
al. (2022) consider all processes polyethylene synthesis
by recycling waste, highlighting the advantages of a circu-
lar economy approach. Hannula et al. (2020) examine the
production of alloys with exergy-based and LCA methods,
focusing on physical separation (e.g., using an eddy cur-
rent separator) and re-melting processes, illustrating how
exergy methods support circularity through more efficient
resource use.

5.3 Waste utilization, recycling and end-of-life pro-
cesses

Much research has been reported on waste utilization,
recycling and end-of-life processes, incorporating exergy
methods. Such work is founded on the rationale values
of the usefulness of wastes and inputs provided with ex-
ergy methods. de Almeida and Borsato (2020) investigate
waste to energy processes and their contribution to a cir-
cular economy, following an exergy-based method that
considers exergy flows. They obtain broad results in the

areas of environmental impact, efficiency and economics,
and consider the trade-offs involved in reuse, recycling and
incineration.

Many specific waste utilization, recycling and end-of-
life processes have been investigated in line with the con-
cepts of a circular economy. In examining biogas upgrad-
ing processes, Vilardi et al. (2020) examine with exergy
analysis the reuse of industrial by-products and agro-in-
dustrial wastes, for several energy intensive sectors. Vilar-
di and Verdone (2022) also examine by exergy methods
the use of municipal solid waste to contribute to a circular
economy, through incineration. Waste to energy processes
have also been investigated from an exergy perspective as
an important aspect of a circular economy by Sharma et al.
(2020), providing an avenue for about waste management
in a manner that supports a circular economy. Huysman et
al. (2017) consider plastic waste processing for a circular
economy, accounting for indicators to quantify the circular
economy performance based on exergy.

Finally, many studies have focused on applications of
recycling to contribute to the circular economy through
exergy approaches. Gai et al. (2021) examine trade-offs
in recycling multiple resources, as well as the advantag-
es in terms of circularity. The criteria applied are derived
from exergy through a circular exergy use rate, and these
are straightforwardly contrasted with the results of more
conventional approaches. In assessing via exergy methods
resource recovery opportunities as a means of circularity,
Bartie et al. (2021) use neural networks to investigate a
system’s response to variations in end-of-life processes
and recycling. They consider primary resource and elec-
tricity use and environmental emissions. Popescu et al.
(2022) assess with an exergy approach the use of recy-
cling in textile production, drawing on a procedure for in-
dustrial chemical recycling. The widespread pervasiveness
of textiles globally, in countries of greatly varying levels of
wealth, make this application particularly impactful across
the planet. de Almeida and Borsato (2020) study end of life
processes in waste treatment of industrial products, con-
sidering reuse and recycling, via an exergy-based method,
that supports a circular economy. Polymer and plastic re-
cycling is examined based on exergy by Russo et al. (2021),
via thermodynamic recycling indexes that are founded in
exergy. Reuter et al. (2019) examine design for recycling
with a product-centric approach using exergy to address
circular economy challenges. The product-centric nature
of this approach makes it different from many other meth-
ods, but it still is contingent on applying exergy concepts.
Llamas et al. (2024) quantify resource dissipation using an
exergy approach and indicate that it provides an appropri-
ate and complementary resource efficiency indicator for
recycling processes.

5.4 Advanced exergy-based methods for a circular
economy

Many investigations have been reported focusing on
the development of advanced exergy-based methods
in support of a circular economy, and their applications
in numerous areas. Many of these studies relate only to
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thermodynamic techniques, while others go beyond ther-
modynamics, covering such areas as the environment and
economics and more broadly design and optimization. All
of these can support a circular economy, either directly or
indirectly.

5.4.1 Methods for resources and energy

Numerous studies have examined means of increasing
efficiency. North and Jentsch (2021) apply exergy meth-
ods to buildings heating processes to identify efficient re-
source options and conserve energy resources in support
of a circular economy. Hernandez and Cullen (2019) use
exergy methods to increase resource efficiency in support
of sustainable production and consumption via a circular
economy. Cano et al. (2020) investigate means to increase
efficiency through reducing exergy wastes by applying ex-
ergy methods and exergy life cycle assessment to support
a circular economy, and apply them to mining processes.
Although a unique type of operation, mining is nonetheless
widespread globally, rendering the work described here im-
portant for more circular use of mined resources.

Hernandez and Cullen (2019) propose a resource effi-
ciency metric based on exergy, in a sense as a universal
metric. They find that such an exergy-based resource effi-
ciency metric has high relevance and robustness, and can
help raise awareness and understanding about exergy and
its benefits for a circular economy. The benefit of a univer-
sal approach in this approach is quite significant, as one
criticism of exergy methods can be that they have to be
tailored to individual processes or operations. A universal
approach once widely accepted could therefore advance
the exergy-based resource efficiency metric rapidly.

Gai et al. (2021) propose a multi-resource integration
map for processes (e.g., recycling) as a way of managing
the trade-off between process circularity and the expendi-
ture of resources (energy, economic, etc.). The technique
considers multiple resources, and such activities as mate-
rials recovery.

Gai et al. (2021) also propose a total circularity index,
developed by integrating circular exergy use rate and cir-
cular material use rate. The technique constitutes a way
of providing guidance for the integration of multi-resource
systems, and an understanding of economic and exergy
performance of circular economy options. A good degree
of practicality is reflected in this approach as well as the
one described in the prior paragraph through their recogni-
tion of the necessary trade-offs when striving for circularity.

To focus on sustainability in a realistic manner, Huys-
man et al. (2017) propose a performance indicator for a
circular economy based on cumulative exergy extrac-
tion from the natural environment, and apply it to waste
streams and their treatment options for plastics. The in-
dicator is useful for valorization of waste streams and at-
taining and comparing environmental benefits. The appli-
cability of this approach is great, due to the broad use of
plastics, providing significant potential in moving towards
a circular economy.

5.4.2 Methods for the environment
To aid in environmental protection and energy conser-

vation, Alvarez et al. (2022) propose eco-innovation, i.e., a
technique involving product innovation focusing on renew-
able energy use. The transdisciplinary technique involves
exergy methods and knowledge management, and bolsters
a circular economy. This is particularly evident in the sub-
stitution it envisions of renewable energy for fossil fuels.

Popescu et al. (2022) develop and utilize the exergy
footprint concept and apply it to recycling. The process
stages are identified and examined, with subsequent ef-
forts made to reduce or eliminate wastes and reduce exer-
gy input, thereby decreasing the exergy footprint. Doing so
enhances circularity directly.

Numerous researchers consider life cycle assessment
and related techniques as key to a circular economy. Han-
nula et al. (2020) consider aluminum recycling using ex-
ergy and life cycle assessment, as a means to enabler a
circular economy. Resource efficiency and environmental
impacts are determined through exergy analysis and life
cycle assessment, along with modeling and simulation.
The significant benefits of assessing and addressing envi-
ronmental issue via a life cycle assessment approach are
notably enhanced by the incorporation into the approach of
exergy concepts. Cano et al. (2020) apply exergy life cycle
assessment and related indicators to investigate the min-
ing sector.

Many researchers consider decarbonization as part of
a circular economy, exploiting the advantages of exergy
methods. North and Jentsch (2021) formulate an approach
focusing on exergy to decarbonizing building heating. Xie
et al. (2023) examine the nexus between low-carbon and
circular economies. They show how low-carbon actions and
circular practices can work together at various scales and di-
mensions, and suggest bio-waste management and renew-
able energy use, and adjusting the mix of circular actions to
follow the transition to a low-carbon energy. Hernandez and
Cullen (2019) propose exergy metrics for reducing global
carbon emissions as well as increasing resource efficiency,
and consider numerous efficiency metrics as a means of
powering a low-carbon transition. Novak (2017) examine
and promote industrial decarbonisation through the utiliza-
tion of exergy as a universal metric for resource efficiency
renewable energy in support of a circular economy, follow-
ing exergy methods. The author emphasizes how renew-
able energy supports a circular economy. This approach,
and the others noted in this paragraph, further point out the
benefit of exergy methods in efforts for a circular economy.

In a somewhat related way, numerous researchers con-
sider climate change using exergy methods, in support of a
circular economy. In one example, Alvarez et al. (2022) ap-
ply eco-innovation along with renewable energy to mitigate
climate change. This approach is extremely noteworthy,
given the significance and urgency of challenges related to
climate change.

5.4.3 Methods for economics, design and optimization

Abadias Llamas et al. (2020) report and apply a ther-
moeconomic technique that combines exergy methods
(i.e., a thermodynamic perspective) with economics. The
technique demonstrates resource efficiency limits, in terms
of material losses and exergy dissipation and resource-ef-
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ficient alternative to minimize wastes, and is shown to be
useful for circular economy systems.

Reuter et al. (2019) examine challenges of a circular
economy material from a product design perspective fac-
tors, including design for recycling following a product-cen-
tric approach and assisted by exergy considerations. The
authors focus on using wastes as resources and extending
product life cycles for maximizing resource efficiency, and
apply the research to metallurgical processing.

Bartie et al. (2020) consider factors related to optimi-
zation within a circular economy and demonstrate how the
true performance is related to thermodynamic limits estab-
lished with exergy methods, and apply the work to photo-
voltaic systems.

Given the importance of design in engineering, and the
great value of optimization, especially when accounting for
economics, these methods are potentially very important
to the engineering community.

5.5 Broader applications of exergy methods for a
circular economy

Studies have been undertaken on broader applications
of exergy methods for a circular economy, often focusing
on the large scale, including research in support of policy
making and sustainability. These broader applications are
significant, as broader and larger applications of exergy ap-
proaches to a circular economy, can have a multiplier effect
compared to applications to single processes or systems.

North and Jentsch (2021) examine the use of exergy in
policy making related to a circular economy, in particular to
prioritise the reuse of these freely available heat sources
from wastes and renewable sources. The approach helps
in decoupling resource consumption from depletion. The
authors consider building heating along with heat net-
works, and examine the use of exergy methods in city en-
ergy planning to identify and prioritize resource efficiency
and energy resource conservation.

The topics of sustainability and sustainable develop-
ment, which are attracting increasing attention in recent
years, are in line with a circular economy and can be en-
hanced with exergy methods. Cano Londofio and Cabezas
(2021) identify and investigate perspectives on a circular
economy in the context of and sustainable development.
The work aims to materialize the environmental sustaina-
bility of supply chains, considering exergy to acknowledge
thermodynamic limitations, and seeks to make production
processes more sustainable, especially in the domain of
chemical engineering. In examining hydrogen production
options with exergy methods, Martinez-Rodriguez and
Abénades (2020), point out the importance of a hydrogen
economy and how hydrogen is produced affects the sus-
tainability of a hydrogen economy. Xie et al. (2023) demon-
strate how a circular economy and low-carbon economy
can be viewed as pillars of sustainable development. They
show how practices in these areas can be mutually ben-
eficial and support sustainable development of various
entities of many sizes. They go beyond economic and en-
vironmental sustainability by pointing out the importance
of considering social sustainability. In examining chal-

lenges to a circular economy, Reuter et al. (2019) show
how integrating product-centric considerations in various
domains (e.g., energy, water, industry, transport) can help
in improving or maximizing the resource efficiency and
make cities sustainable in the future, thereby contributing
to the Sustainable Development Goals of the United Na-
tions. Since humanity is now more than half way through
the 2015-2030 time frame set for the Sustainable Devel-
opment Goals, and most experts suggest there is signifi-
cant effort still needed since progress notably lags what
was expected, the impact of this method may be high and
widespread.

5.6 Fields of application of exergy methods for a cir-
cular economy

Many fields have been the focus of investigations on
the application of exergy methods to support a circular
economy, particularly in industry and regions. A selection
of these is shown in Figure 1, and details are provided be-
low.

Industries have been examined with exergy methods to
enhance how they can support a circular economy, both at
the general level and for specific industries. Industrial pro-
cesses in general are examined from an exergy viewpoint
by Hernandez and Cullen (2019), particularly regarding de-
carbonisation and resource efficiency. The show that, to
reduce carbon emissions, industry needs to increase both
energy efficiency and material efficiency. In discussing
the need for exergy in design education, Dincer and Rosen
(2021) describe a circular economy and education model
incorporating exergy for a dairy facility.

Cano Londofio and Cabezas (2021) examine the chem-
icals sector and its industries to identify circularity factors
and opportunities, using exergy methods. These industries
are primarily involved in transforming raw materials into
products.

North and Jentsch (2021) focus on buildings and the
building sector in developing an exergy approach support-
ive of a circular economy. They point out the importance
of the building sector by pointing out that building heating
accounts a significant portion of the energy consumption
and greenhouse gas emissions in many countries.

Russo et al. (2021) and Ortego et al. (2023) apply exer-
gy-based assessments to automobiles and the automotive
sector. The work has implications for the material content
of vehicles and their components, recycling, efficiency and
decarbonization. That work also demonstrates the impor-
tance of car part materials on design and end-of-life man-
agement to promote circularity.

The electricity generation sector has been the subject
of numerous studies using exergy methods, in line with its
role in a circular economy. North and Jentsch (2021) de-
scribe the burdens on electricity infrastructures if heating
processes becomes electrified in the future and if renewa-
ble energy is increasingly used to provide electricity, hydro-
gen and heating. Xie et al. (2023) investigate low-carbon
and circular economies, focusing issues affecting a circu-
lar economy in relation to carbon-intensive electricity. No-
vak (2017) presents a vision for a sustainable energy sys-
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FIGURE 1: Selected fields of application of exergy methods to support a circular economy.

tem premised on solar and other natural energy being used
to produce renewable electricity and where appropriate
hydrogen. The vision is consistent with a circular economy
and is developed using exergy methods. Bartie et al. (2020)
and Bartie et al. (2021) examine photovoltaic technology
over its life cycle, utilizing exergy methods, and how such
technology is a key component of a circular economy.

Supply chains have received attention, as applied to
various industries. In examining energy use and its relation
to a circular economy, Cooper et al. (2017) identity supply
chain impacts through input-output analyses. This work en-
ables prioritization of the areas in which circular economy
approaches have the strongest potential for supply chains.
Cano Londofio and Cabezas (2021) propose a supply chain
strategy that includes limitations identified through exergy
methods, as a means of supporting a circular economy.
The strategy allows for the materialization of the environ-
mental sustainability of supply chains. While examining
low-carbon and circular economies, Xie et al. (2023) de-
scribe the need for regional supply structure and circular
economy chains to address the trade-offs arising from car-
bon-intensive energy and raw material scarcity.

Regions have also been studied using exergy meth-
ods to enhance their contribution to a circular economy.
As pointed out earlier, such broader applications of exergy
approaches to a circular economy can have a much more
widespread impact compared to applications to single pro-
cesses or systems, making the activity for regions notable.
Xie et al. (2023) investigate with exergy methods the bene-
fits of urban-industrial symbiosis and the need to address

urban-industrial planning and challenges. They demon-
strate the importance for decision-makers to minimize
trade-offs while maximizing synergies to support a circular
economy. Gai et al. (2021) develop a method involving ur-
ban symbiosis where product demands are satisfied by a
set of waste resources, with or without processing. Appli-
cable to industrial and urban processes, the method can
help guide the integration of multi-resource systems by
determining economic and exergy performance of circular
economy measures. Cooper et al. (2017) provide insights
on a circular economy for macrosystems like countries and
regions, from an exergy perspective. Although focused on
energy use, the implications are broader and permit prior-
itizing areas where circular economy measures can have
noteworthy impacts.

6. GUIDELINES FOR EXERGY ANALYSES RE-
LEVANT TO A CIRCULAR ECONOMY

As a consequence of the critical review presented in
this article, guidelines for exergy analysis can be developed
relevant to a circular economy. This is done in this section,
first by presenting steps for exergy analyses for a circular
economy, and then by comparing exergy analysis with con-
ventional approaches.

6.1 Steps for exergy analyses for a circular economy

Exergy analysis uses these concepts to specify quanti-
tatively limitations by expressing losses in terms of exergy.
As only a portion of the input exergy to a system or process
can be recovered, exergy analysis provides theoretical limi-
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tations for a system. Exergy analysis always indicates that
exergy cannot conserved is conserved by a real system, but
is conserved in the limiting case of a reversible or an ideal
system. All of these ideas pertain to a circular economy.

A procedure for performing energy and exergy analyses
of a process or system in the context of a circular economy
can be developed. It involves the following steps:

+ Subdivide the process or system into sections to match
level of detail and information desired in the context of
assessing circularity for a circular economy.

+ Perform conventional mass and energy balances, and
determine relevant quantities (e.g., work, heat, mass)
and properties (e.g., temperature, pressure), ensuring
all needed values to assess a circular economy are ac-
counted for, both for the system or process being exa-
mined and modified versions to improve circularity.

+  Select a reference-environment model, accounting for
characteristics of process/system, information sought,
accuracy required and analysis complexity for asses-
sing contribution to a circular economy.

+ Determine energy and exergy values, relative to se-
lected reference-environment model.

+  Develop exergy balances, including determination of
exergy consumptions, to allow the circularity to be
assessed for existing and modified versions of the sy-
stem or process.

+  Select and evaluate appropriate measures of merit
(e.g., exergy efficiencies or indices) that assess level
of circularity attained and the contribution to a circular
economy.

+ Interpret results, draw appropriate conclusions and
make recommendations in the context of improving
the system or process through the principles associa-
ted with a circular economy.

Some of these steps are common with exergy analyses
in general, while others are unique for a circular economy.

A breakdown of the steps in the procedure for perform-
ing energy and exergy analyses of a process or system, in
the context of a circular economy with emphasis on those
aspects, is presented in Table 1.

Note that it is important to recall the definition of exer-
gy at all times, and to differentiate it from energy. Exergy

is a measure of the ability to perform work. This can be
applied to exergy a flow or commodity. Either way, exergy
is the maximum work can be obtained from it as it passes
reversibly to the environmental state, exchanging materials
and heat only with the surroundings.

6.2 Comparison of exergy analysis with conventio-
nal approaches

A comparison of exergy analysis with conventional ap-
proaches for assessing and improving circularity can be
useful and instructive. Hence one is provided here, through
the following points:

+  Exergy analysis allows true measures of thermodyna-
mic efficiency and loss to be attained, whereas energy
analysis does not. This making assessments regarding
the advantages of circularity based on energy can lead
to erroneous or skewed results. Assessments based
on exergy values avoid such problems and are always
based on efficiencies that measure approach to ideality
and losses that measure deviations from ideality.

- System improvements based on enhanced circularity
are more meaningfully developed and assessed based
on exergy, as the true values of losses are identified in
terms of their exergy. This allows rational decisions
about which losses are worth recovering at all, and
what the priority should be for recovering and reusing
separate loss quantities or flows. Also, the true advan-
tage of the circularity efforts in terms of modified sy-
stems are clearly assessed in this manner.

+  Circularity improvements are quantified in all respects
when exergy analysis is applied, since exergy losses
are identified in all respects (e.g., causes, locations,
quantities). Thus, more comprehensive information is
provided and enhanced decisions can be correspondin-
gly made.

7. ILLUSTRATIVE EXAMPLE OF EXERGY
ANALYSES FOR A CIRCULAR ECONOMY:
TRIGENERATION

An illustrative example based on a trigeneration pro-
cess is presented to help explain the method of exergy

TABLE 1: Procedure for exergy analysis of a process or system in the context of a circular economy.

Step Actions Circularity aspects
1 i Subdivide process or system into appropriate sections i Select sections to provide information desired for assessing circularity
2 Perform conventional mass and energy balances, and determine rele- Ensure values for assessing a circular economy are evaluated, for exist-

vant quantities and properties

ing system or process and modified versions to improve circularity

3 Select a reference-environment model for evaluating exergy

Account for characteristics of process or system and information
sought for assessing contribution to a circular economy

4 Determine energy and exergy values, relative to selected reference-envi-

ronment model

Ensure all values necessary to evaluate circularity are attained.

5 Develop exergy balances, including exergy consumptions

Obtain accurate balances for all system or process parts that affect
circularity and its assessment for existing and modified versions

6 Select and evaluate appropriate measures of merit (e.g., efficiencies)

Select appropriate measures for assessing level of circularity attained
and the contribution to a circular economy

7 Interpret results, draw appropriate conclusions and make recommen-
dations

Carry out interpretation steps from the perspective of improving the
system or process through circular economy principles
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analyses for a circular economy, and the benefits it can
provide.

7.1 Trigeneration

Trigeneration is a process that produces three products
simultaneously from an input, rather than in separate pro-
cesses for each product. Often the products are electricity,
useful heat and useful cooling.

A general trigeneration system is shown in Figure 2,
where three distinct products are generated from a single
input in a single process.

A specific trigeneration process in which the three prod-
ucts are electricity, useful heat and useful cooling is pre-
sented in Figure 3.

To avoid confusion and provide clarity, it is noted that
cogeneration is a simplified and more common form of tri-
generation. Cogeneration is the generation of two products,
typically electricity and useful heat, in a single process rath-
er than in separate electricity generation and heating pro-
cesses. Trigeneration can thus be seen to be an expanded
form of cogeneration, which typically yields useful cooling
as a third product in addition to electricity and useful heat.

Interest in both cogeneration and trigeneration has ex-
panded as concerns grew about energy supplies, costs and
environmental impacts have grown, as such systems can
be more efficient than separate systems for each product.

7.2 Trigeneration to improve circularity

The manner by which trigeneration contributes to a
circular economy can be seen most readily by considering
the conventional alternative to it, which is three separate
processes (one for electricity generation, one for heating
and one for cooling). Three such processes are shown in
Figure 4.

When these three processes are integrated in a manner
to enhance circularity, several options become possible:

+  The loss from the electricity generator (waste heat) can
be redirected to provide the product heat, thereby avoi-
ding the loss and eliminating the need for a resource
input to the heater.

+  The loss from the electricity generator (waste heat)
can be redirected to be the input to the chiller (if am
absorption chiller, which is a heat-driven device is used,
thereby avoiding the loss and eliminating the need for a
resource input to the chiller.

Some of the product electricity from the electricity ge-
nerator can be redirected to be the input to the heater,
thereby eliminating the need for a resource input to the
heater (although at the sacrifice of some of the electri-

—  Product 1
General

Input —\  trigeneration | Product 2
system

: —»  Prodict 3
Loss

FIGURE 2: A general trigeneration system.

cal product from the electricity generator).

Some of the product electricity from the electricity ge-
nerator can be redirected to be the input to the chiller (if
a vapor compression chiller, which is typically electri-
cally driven), thereby eliminating the need for a resource
input to the chiller (although at the sacrifice of some of
the electrical product from the electricity generator).

Any of the four options listed above can improve circu-
larity compared to separate processes for electricity gen-
eration, heating and cooling. Also, various combinations
of the above four options can also help improve circular-
ity. The best option depends on the characteristics of the
inputs, wastes and products, including their values, and
these are often best determined using exergy methods,
rather than the more conventional energy methods.

Itis pointed out that this illustrative example is not just
theoretical, but quite practical. In many locations across
the globe, power plants driven by on fossil fuels are re-
placed or modified so that waste heat from these power
plants is no longer wasted, but instead utilized to produce
heating and/or cooling. The benefit of trigeneration can be
reduced input fuel use and wastes, in line with the circu-
larity improvements. That is, trigeneration is able to miti-
gate environmental impact by facilitating the use of waste
heat for cooling and/or heating, thereby offsetting either
burning fossil fuel or consuming electricity. The produc-
tion of three products from a single input via trigenera-
tion boosts efficiency notably. In addition, there can also
be a reduction in operating costs, and when carbon taxes
are applied, trigeneration can lower the carbon tax paid
by recovering waste heat and converting it to additional
products.

8. PERSPECTIVE AND LONG-TERM VIEW OF
EXERGY ANALYSES RELEVANT TO A CIRCU-
LAR ECONOMY

Based on the findings in the literature presented in this
article, a perspective and long-term view can be developed

Trigeneration

Input —» system

—>  Product 1: electricity

—> Product 2: usefiil heat

—>  Product 3: usefil cooling

'

Loss

FIGURE 3: A trigeneration system for

electricity, useful heat and useful cooling.
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FIGURE 4: Separate systems for electricity (a), useful heat (b) and
useful cooling (c).

of the topic of exergy analyses relevant to a circular econo-
my. This is done in this section.

The following points cover several key aspects of such
a perspective and long-term view the topic of exergy analy-
ses relevant to a circular economy:

+  First, exergy methods are important in general for un-
derstanding thermodynamic efficiencies and losses for
processes and systems, and for making decisions on
system improvements. When exergy methods are not
employed, and more conventional methods like energy
analysis are used, the results can be misleading and so-
metimes erroneous.

+ Second, given the importance of exergy methods, as
raised in the last point, it is perhaps not surprising that
exergy is proving to be important and relevant to a cir-
cular economy. The same reasoning on why exergy me-
thods are important in general, also apply to methods
to improve circularity of systems and processes.

+  Third, elaborating on the last point, it is emphasized
that based on the literature review decisions regarding
improving the circularity of processes and systems are
made in terms of meaningful efficiencies and mea-
ningful loss avoidance when such decisions are based
on exergy, through the application of relevant exergy
methods.

+  Finally, it is anticipated, based on the review presented
here and the numerous benefits pointed out by applying

exergy methods, that applications of exergy methods
to enhance circularity of systems and processes, and
thereby contribute to a circular economy, will grow in
number and expand in disciplines reflected and regio-
nal areas of employment.

9. CONCLUSIONS

The benefits of using exergy as a tool for addressing a
circular economy, in particular by identifying and explaining
the benefits of sustainable energy, has been demonstrat-
ed. Itis concluded that the concepts encompassing exergy
have a significant role to play in addressing a circular econ-
omy and increasing sustainable energy use. Exergy clear-
ly identifies efficiency improvements and reductions in
wastes and environmental impacts attributable to sustain-
able energy, and enhances understanding of environmen-
tal benefits and economics. Exergy should prove useful in
such activities to engineers and scientists, as well as deci-
sion and policy makers in addressing a circular economy.
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ABSTRACT

Plastic pollution poses a substantial environmental challenge on global scale. Re-
cently, tyre and road wear particles (TRWPs) have been recognized as a source of
microplastic pollution to the freshwater environment. Whilst there is a growing con-
cern regarding the potential environmental effects of microplastics, TRWPs are es-
pecially concerning because of the additives they have. These additives are utilised
in the manufacturing of tyres; persist in the final product; become environmentally
available; and may pose significant threats to an ecosystem. A current issue is the
identification of specific constituents of TRWPs responsible for these threats. A
comprehensive review of the existing literature is presented focusing on the physical
and chemical characteristics of TRWPs with the aim to identify suitable marker(s).
Wear particles derived from tyre tread possess distinctive a sausage shape that is
exclusive to TRWPs. A range of chemical additives linked to tyres have been em-
ployed to quantify TRWPs, overlooking other potential sources such as brake wear
and exhaust emissions. We found that significant amounts of 6PPD is used for the
formulation of tyres, which is why 6PPD, and a comparatively stable transformation
product 6PPD-quinone, could be used for the identification of TRWPs. We recom-
mend that sampling and analysis methods be thoroughly documented to enhance

the reproducibility.

1. INTRODUCTION

TRWPs are non-exhaust particles related to traffic, gen-
erated due to rolling resistance between a tyre tread and
the surface of a road (Mattonai et al., 2022). TRWPs are
one of several non-exhaust emissions that are of concern
due to evidence of associated health problems and prema-
ture mortality (Boogard et al., 2023). Others are road wear
and brake wear (Charron et al., 2019). When a brake is ap-
plied, brake pads enforce pressure against the rotors to
slow down the vehicle and alter the vehicle’s kinetic energy
into thermal energy. Forced deceleration results in friction-
al heat, leading to wearing of the brake pads and the rotors
(Giiney and Ali, 2020; Hussain et al., 2017). The generation
of brake wear depends upon the severity of braking, driv-
ing style, prevailing road conditions and composition of the
brake system (Rahimi et al., 2021). However, brake wear
emissions are predicted to decrease in future due to the
emergence of regenerative braking systems (Liu et al., 202)
A regenerative braking system takes the energy produced
while slowing down a vehicle and uses it to recharge the

batteries of motor vehicles instead of wearing the brake
pads. Hooftman et al. (2018) found that regenerative brak-
ing could reduce the wear of brake emissions by up to 66%.
Similarly, Nopmongcol et al. (2017) suggested that a regen-
erative braking system could reduce brake wear emissions
by 25%. However, the problem of TRWPs remains until this
technology is globally widespread.

Road wear particles (RWPs) are tiny particles that wear
away from road surfaces due to friction between a tyre’s
surface and that of road surface. These particles are found
embedded in the tyre wear particles (TWPs), thus called
TRWPs (Gustafsson and Johansson, 2012). However, there
is inconsistency in the literature regarding the terms used
for such particles. In this paper, the term tyre wear particles
(TWPs) will be used for the particles generated in the labo-
ratory without road surfaces whilst the term TRWPs for the
particles generated with road surfaces and those found in
the environment.

An increasing number of TRWPs and their persistence
in the environment has gained the attention of scientists
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because of the potentially adverse health and environ-
mental impacts. The global emission of tyre wear parti-
cles is ~5,917,518 tonnes/year. The UK contributes about
1% (63,000 tonnes/year) of the total emission (Kole et
al., 2017). However, this number is likely to grow due to
an anticipated increase in the numbers of electric cars
(e-cars). Timmer and Achten et al. (2016) and Kole et al.
(2017) found that e-cars, as they are heavier, produce 20%
more TRWPs. Despite this large emission rate, little infor-
mation is available about their occurrence, pathways and
sinks in the environment. This is because of limitations in
present analytical methods, which have typically been de-
signed for conventional microparticles. A lack of verified
reference material for identifying TRWPs further hinders
the validation of analytical methods. As tyres are com-
prised of organic and inorganic constituents, use of con-
stituent(s) as a marker seems like a promising approach
for the quantification of the TRWPs in the environment.
While benzothiazole and zinc have been traditionally em-
ployed as markers for the identification of TRWPs, their
widespread presence does not necessarily qualify them
as suitable markers (Jeong and Woo, 2022; Luongo et al.
2016; Unice et al.,, 2013). Hence, it is necessary to com-
pletely understand the composition of tyres and the par-
ticles they shed so that their environmental risks may be
evaluated.

Quantification of the mass concentration of TRWPs is a
challenging task. Therefore, the identification of distinctive
markers, to accurately assess the actual concentration of
TRWPs, has become a focal point of research. This paper
aims to identify and critically review the markers (physical
and chemical) identified so far and propose potentially
suitable markers for the identification of TRWPs.

Crown Ply

Rubber Liner

2. CONTEXT
2.1 Production of tyres

An ongoing increase in the number of motor vehicles
has led to an extensive production of tyres worldwide.
Global vehicle ownership has reached 14.46 million vehi-
cles (Luo et al., 2021) and correspondingly tyre produc-
tion has increased to 17.85 million tyres in 2019 (Luo et
al., 2021). The production of tyres reached 2000 million in
2021 and is likely to reach 5 billion by 2030 (Grammelis
et al., 2021). China, as the largest tyre manufacturer, pro-
duced ~449 million tyres in first half of 2021 (Yang et al.,
2022); thus contributed ~22% of the world’s production of
tyres (Mavukwana and Sempuga, 2022).

The primary function of tyres is to bear the weight of a
vehicle and to grip the road while a vehicle is moving, ac-
celerating, braking, and cornering (Wik and Dave, 2009). A
tyre has a complex structure as shown in Figure 1. Briefly,
the typical structure of a tyre comprises tread, crown ply
(nylon), steel belt, body ply, carcass, and inner lining (Luo
et al,, 2021; Dobrota et al., 2020). The outer layer, tread,
contacts the road surface while driving and provides direc-
tional stability. Softeners, vulcanizing agents, plasticizers,
carbon black and fillers are mixed in different proportions,
to give the desired characteristics to the tyre composite.

The specific composition of each tyre type is different
for required features. For example, winter tyres contain
more natural rubber, as it provides grip on wet and snowy
roads (Continental, 2019). The exact recipe of tyre com-
position is not usually publicly released by tyre manufac-
turers, but a typical general composition includes rubber
polymers, softeners and anti-degradants (Luo et al., 2021;
Dobrota et al., 2020) (Table 1).

Kole et al. (2017) estimated that about 6 million tonnes
of TRWPs are released in the environment annually world-

Side Wall

Carcass Ply

FIGURE 1: Structure of a typical tyre: 1.Rubber liner - airtight layer of synthetic rubber 2. Carcass ply- thin fibers fused within rubber 3.Bead
- the boundary of tyre that contacts the rim.4. Sidewall - vertical part of tyre that connects the tread to the bead. 5. Crown ply - provides
rigid base for tyre tread. 6. Tread - designed to make contact with road and maintain optimal friction (Adapted from Dobrot3 et al., 2020).
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wide. The generation of TRWPs depends on a number of
factors, including type and weight of vehicle, speed and
road type (Table 2) (Unice et al., 2019; Kole et al., 2017,
Kumata et al., 2000). This suggests that the characteris-
tics of TRWPs are different across the world (Mennekes
and Nowack, 2022). For instance, asphalt roads in Eu-
ropean countries are reported to have a higher wear rate
as compared to concrete roads (Pohrt, 2019; Gustafsson
and Johansson, 2012), probably due to asphalt having
particles of mineral aggregate, filler and bitumen binder
(Pohrt, 2019). Bitumen particles wear away with TRWPs,
increasing surface voids (Pohrt, 2019). The roughness of
this texture increases with time. The rough surface area in-
creases friction between a tyre and a road surface, leading
to increased wearing of both (Pohrt, 2019). Concrete roads
are made of sand and stone (granite) bound with cement
(Kole et al.,, 2017; Lee et al., 2013) and has a comparatively
smooth surface. Seasonal variations influence wear rate.
Wear rate has been reported to increase up to 4% by 1°C
increase in temperature. This has been confirmed by a
reported 31% increased life span of passenger car tyres
during the winter season (Pohrt, 2019). Similarly, wear rate
has been reported to decrease during rainfall (Parker-Jurd
et al., 2018). This might be due to the aggregation of par-
ticles already present on the road during rainfall, resulting
decrease friction between tyre tread and the surface of a
road (Changarnier et al., 2018).

2.2 Estimation of wear particles

Various emission models, employing different ap-
proaches, are used to calculate the release of TRWPs in dif-
ferent countries (Table 3). A commonly used approach is
based on calculation of an emission factor, which is mass
release of wear particles per tyre over a driven distance.

TABLE 2: Factors effecting generation of TRWPs, Adapted from
Luhana et al., 2003.

Characteristics Factors affecting the characteristics

Tyre Size(radius/width/depth)
Tyre age

Tread depth
Construction

Tyre pressure and temperature
Tyre hardness

Size of tyre

Tread grooves

Chemical composition
Rim size

Tyre alignment

Total distance travelled

Vehicle specifica- Vehicle type

tions Wheel alignment

Vehicle weight and distribution of load
Location of driving wheels

Engine power

Suspension system

Power/unassisted steering

Axle configuration (e.g. 2 or 4 wheel drive)
Electronic braking systems

Road surface
characteristics

Material: bitumen/concrete/ asphalt

Slope

Texture pattern

Texture wavelength - micro/macro/mega
Presence of debris on road

Porosity Condition including rutting and camber
Road surface wetness

Silt loading of road surface

Surface dressings

Temperature

Vehicle operation Speed (average or max)

Load

Linear acceleration/ deceleration
Radial acceleration/ deceleration
Frequency and extent of braking

Driving style and driving characteristics

Weather Rain
Sunlight
Snow
Temperature

TABLE 1: Composition of typical tyre tread and the road surface. Adapted from Sommer et al., 2018 and Krieder et al., 2010.

Particle from Component Percentage Main ingredient Characteristics
Tyre tread Rubber polymer 40-50% Natural rubber Isoprene rubber * Gives elastic characteristics to the tyre
Butadiene rubber * Provides directional stability
Styrene Butadiene rubber
Reinforcing agents : 25-35% Carbon black or silica * Increases the life span of tyres
Softeners 15-20% Humic acid (HA) oil * Helps the tyre to have grip on the road
Vulcanizing agent : 1-2% Sulphur * Helps in increasing the elasticity of the
Zinc oxide tyres
Stearic acid
Vulcanization 0.5-2% Chemical compounds, e.g.: 2-mercapto- * Act as a catalyst
accelerators benzothiazole (MBT), N-Cyclohexyl-2-ben- * Increases the vulcanization process
zothiazole sulfenamide (CBS), N tertiarybu-
tyl-2-benzothiazole sulfennamide (TBBS),
N-Oxydiethylent-2-benzothlazole sulfenamide
(MBS), Hexamethylene Tetramine (HMT),
Mercaptobenzothiazole disulfide (MBTS),
N,N-Dicyclohexyl-2-Benzothiazole sulfenam-
ide (DCBS) and Tetramethyl-thiuram-Disulfide
(TMTD)
Activators 2-5% Zinc oxide, zinc and fatty acid * Helps in vulcanization process
Antidegradants 1-2% Antioxidants and antiozonants, e.g. 2,2,4 * Helps in improving durability of rubber

(77PD)

trimethyl-1,2-dihydroquinoline (TMQ),
N-isopropyl-N"-phenyl-p-phenylenediamine
(IPPD), N - (1,3-dimethylbutyl)- N < -phenyl-
p —phenylenediamine (6PPD) and N,N-Bis
(1,4-dimethylpentyl)-p-phenylenediamine
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TABLE 3: Tyre and road wear particles in different countries, Adapted from Baensch-Baltruschat et al

.2020; Wik and Dave, 2009.

Matrix Concentration Country Reference

Road dust (mg/ vehicle km)

Road surface 72000 USA Hopke et al. (1980)
Inside tunnel 2700 Japan Saito (1989)

Outside tunnel 2100 Japan Saito (1989)

20m from roadside 900 Japan Saito (1989)

Road surface 35000 USA Rogge et al. (1993)
Road surface 1100 USA Reddy and Quinn (1997)
Road surface 700 Denmark Fauser et al. (1999)
Inside tunnel 210000 Japan Kumata et al. (2000)
Outside tunnel 124000 Japan Kumata et al. (2000)
Road surface 56000 Japan Kumata et al. (2002)
Calculations t/annum

Emission factor 1327000 Germany Wagpner et al. (2018)
Emission factor 98400 Germany Baensch-Baltruschat et al. (2020)
Emission factor 6514-7660 Denmark Kole et al. (2017)
Emission factor 4200-6600 Denmark Lassen et al. (2012)
Emission factor 7310 Denmark Kole et al. (2017)
Emission factor 37646 France Unice et al. (2019)
Laboratory wear tests 50000 Italy Millani et al. (2004)
Emission factor 17300 Netherlands Verschoor et al. (2016)
Emission factor 15030 Netherlands Kole et al. (2017)
Emission factor 42000-84000 Great Britain Kole et al. (2017)
Emission factor 20000 Australia Millani et al. (2004)
Emission factor 294011 Brazil Kole et al. (2017)
Emission factor 756,240 China Kole et al. (2017)
Emission factor 292674 India Kole et al. (2017)
Emission factor 239762 Japan Kole et al. (2017)
Emission factor 1524740 USA Kole et al. (2017)

Emission factors are different for different vehicle classes.
For instance, Mennekes and Nowack (2022) found that a
passenger car tyre loses about 117 mg of tread particles
per km but this value is much higher for truck tyres. Similar-
ly, in the study by Kole et al. (2017), the emission rate for 14
countries was estimated to range from 230,000 to 1.9x10°
mg/capita/year. England’s Environment Agency reported
the average wear rate of a typical tyre of a passenger car
to be 140,000 mg/metre per tyre in Great Britain (Wik and
Dave, 2009). However, this wear rate has been noted to be
significantly higher in city areas, owing to increased ac-
celerating and braking (Lee and Kim, 2020; Wik and Dave,
2009). In this way, 10-40% of tread rubber (from passenger
cars) is emitted into the environment in the form of wear,
over the life of a tyre. Wik and Dave (2009) estimated the
concentration of TRWPs at different sites (Table 3).

For Japan, it ranges from 900-210,000 mg/km. Sim-
ilarly, for USA it is 1,100-72,000 mg/km. The variation in
concentration of TRWPs might be due to distance from the
source or due to different method used for estimation. In
addition, Baensch-Baltruschat et al. (2020) calculated year-
ly emissions of various European and non-European coun-

tries (Table 3). The variation is probably due to different
road infrastructure, different vehicle characteristics and
number of cars owned by people.

A second approach is the use of material flow analy-
sis (MFA). This method involves estimating production of
tyres (by import and export) and the number of old tyres
collected (Mennekes and Nowack, 2022). The average life
span of a tyre is about 60,000 km before coming to an end
(Mennekes and Nowack, 2022). In context of these studies,
it has been found that calculation of TRWPs is based on
reports and reviews instead of actual experimental work.
Therefore, it is important to accurately determine the quan-
tity and composition of emissions of TRWPs.

Furthermore, ~100 million used tyres end up as a waste
globally every year and the quantity is expected to grow be-
cause of vehicle development (Wang et al., 2019). End-of-
life tyres are either dumped in landfills (Gigli et al., 2019)
or shredded to produce tyre crumb rubber (TCR) (Hiiffer
et al., 2019). TCR is produced by first removing the steel
belt and then grinding the tyres (Hiffer et al., 2019). TCR
is used for various applications. For example, to construct
artificial turf fields in schools, colleges, practice fields and
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stadiums, in mulches, to produce modified asphalt having
crumb rubber, for civil engineering applications and for mil-
itary installations (Benson et al., 2019; Hiffer et al., 2019).
TCR may include potentially toxic constituents that pos-
sibly leach or volatilize in the environment (Sibeko et al.,
2020). Therefore, human exposure to these crumb rubbers
may cause various health problems; e.g. Watterson, (2017)
reported that these crumb particles cause respiratory and
skin problems. Similarly, Grynkiewicz-Bylina et al. (2022)
found respiratory problems due to inhalation of particles.
According to the European Chemical Agency (ECHA), there
are more than 13,000 artificial turf fields in Europe (Wat-
terson, 2017). Millions of people are estimated to play on
these artificial pitches. Compared to grass, these pitches
allow people to play year-round, irrespective of weather
conditions (Verschoor et al., 2016). Watterson (2017) and
Benson et al. (2019) evaluated that 1,500-5,000 kg of tyre
crumb is used in creating synthetic fields and ~500 kg of
refill is required for each field every year, indicating that
10% of the used tyre crumb rubber from each field is re-
leased into the environment (Verschoor et al., 2016). Most
of the released tyre crumb rubber is coarse in size (>50 pm)
(Mattonai et al., 2022; Wagner et al., 2018).

2.3 Change in the characteristics of wear particles

Once released into the environment, TRWPs are subject
to change in their physical and chemical structure due to
changing environmental conditions. It has been observed
that shear stress is expected to cause breakage or aggre-
gation of TRWPs, involving both road dust and vehicle tyres
(Wagner et al., 2022). Aggregation may include homo-ag-
gregation or hetero-aggregation. In homo-aggregation,
TRWPs combine with other TRWPs whilst, in hetero-aggre-
gation, TRWPs bind with road dust and mineral particles
(Luo et al., 2021). This might be due to the rough surface
of the rubber particles that offers a large surface area to
form aggregation (Sommer et al., 2018). The particles pos-
sess a circular cross section, enabling them to move over
the surface of the road easily, thus collecting other parti-
cles (Sommer et al., 2018). Consequently, this aggregation
leads to change in the density and size of the TRWPs. In ad-
dition, changing environmental conditions lead to chemical
changes in the TRWPs that ultimately lead to changesbin
physical properties. For example, an increase in tempera-
ture leads to increased oxidation, resulting in either break-
ing chains or further crosslinking reaction (Wagner et al.,
2018). Subsequently, cracks may develop in the structure.

2.4 Sinks and impacts of TRWPs

The size and density of TRWPs determine their fate in
the environment. Being coarser in size (>50 ym), most of
the TRWPs make their way to roadside soil. According to
Wagner et al. (2018), about 90% of the generated particles
are non-airborne and suspected to be present in roadside
soil while only 10% become airborne. Jérlskog et al. (2020)
estimated that ~50% of TRWPs present in roadside soil
wash off through precipitation, of which half reach the
freshwater system and remainder goes to wastewater
treatment systems (Wagner et al., 2018) and gully-pots (a
part of surface water drainage system that receives sur-

face runoff (Rgdland et al., 2022). Similarly, Baensch-Bal-
truschat et al. (2020) and Unice et al (2019) observed that
~2% of TRWPs reach the ocean. Once in the water system,
TRWPs particles may distribute in the water column de-
pending upon the density and size of the particles. It may
also depend on the density of the water (freshwater or sa-
line water) and on the energy of the system. All these fac-
tors determine the availability of TRWPs to aquatic animals
(Cunningham et al., 2022).

TRWPs may be taken up by range of organisms from
algae to crustaceans and fish (Cunningham et al., 2022;
Huang et al., 2021). Adverse effects have been reported in
organisms and these effects might be due to physical inter-
action between particles and the organisms or due to the
constituents (organic or inorganic) released from the parti-
cles (Wagner et al., 2018). For example, Parker et al (2020)
found ingestion of tyre particles in Striped and Spot Mullet
fish. LaPlaca and ven den Hurk (2020) observed mortality
in mummichogs (Fundulus heteroclitus) and Fathead min-
now (Pimephales promelas) following exposure to various
concentrations of TRWPs ranging from 38 to 355 ym. Sim-
ilarly, Cunningham et al. (2022) observed slow involuntary
movements associated with the development of nervous
system, change in swimming behaviour, axis malforma-
tion, hatching delays and mortality in embryos of Zebrafish
(Danio rerio) and freshwater crustacean (Daphnia magna).
These effects were observed following a 48h exposure
to nano-sized (<1 pm) TWPs (Cunningham et al., 2022).
Craniofacial defects, deformed jaws, and blunt faces were
observed in Fathed minnow (Pimephales promelas) when
exposed to tyre wear particles-derived leachates. Mar-
wood et al. (2011) reported inhibition in growth of freshwa-
ter algae (Pseudokirchneriella subcapitata) when exposed
to different concentrations (0-10000mg/L) of leachate of
TRWPs. All these factors combined make it necessary to
identify constituent(s) of TRWPs that may potentially af-
fect the ecosystem.

3. METHODS

The methodological approach for this literature review
followed the PRISMA 2020 guidelines (Way et al., 2022;
Page et al.,, 2021). In December 2023, an extensive search
of database was conducted using PubMed, Scopus and
the Web of Science search platforms. The search query
included terms such as “elemental composition” OR “ele-
mental marker” AND “chemical composition” OR “chemical
marker” AND “physical characteristics” AND “tyre wear par-
ticles” OR “tyre and road wear particles”. The search cri-
teria was refined to include only English language papers,
with a publication date ranging from 2000 to 2023.

After the database search, 638 research articles were
identified, and duplicates were removed using the reference
manager (Endnote), resulting in 162 papers for screening,
based on titles and abstracts. Following this screening,
40 full text articles were included for further in-depth anal-
ysis. Preference was given to papers explicitly discussing
the physical and chemical characteristics of TRWPs. Sub-
sequently, two articles were excluded from the analysis as
they did not clearly discuss the characteristics of TRWPs.
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FIGURE 3: Transportation pathways of tyre and road wear particles in different environmental matrices (adapted from Mayer et al., 2024).

It was noted that the articles chosen for analysis primari-
ly focused on particulate matter. It is important to highlight
that the majority of TRWPs are typically larger. Compre-
hensive database search also highlighted that most of the
studies on chemical characterization of TRWPs focused on
vulcanizing agents and antidegradants, which is justifiable
considering that ~1-3% and ~1-5% of tyre weight is attribut-
ed to protective molecules and vulcanizing agents respec-
tively. To achieve an extensive understanding, a subsequent
search using the Web of Science search engine was con-
ducted during January 2024, without constraints on the pub-
lication date. This expanded search incorporated additional
terms such as fillers, antioxidants and vulcanizing agents.

4. RESULTS AND DISCUSSION
4.1 Physical characteristics

For several years, research has focused on the identi-
fication of marker(s) for TRWPs, to evaluate the associat-
ed environmental risks. Notably, in the literature, physical
characteristics have been employed for the identification.
In this context, particles arising from the interaction be-
tween tyre and the surface of a road typically vary in size
from a few nanometres to micrometres (Alves et al., 2020).
Wear particles from tyres are produced either by tangen-
tial forces between a road surface and a tyre tread or by

volatilization (Alves et al., 2020). The initial mechanical
process primarily generates coarse particles (Alves et al.,
2020). For instance, Kreider et al. (2010), Kwak et al. (2014)
and Knight et al. (2020) reported wear particles in the range
of 50pum to 100pum. Thermo-mechanical processes also
lead to generation of extremely fine aerosol particles. Ma-
thissen et al.,, (2011) hypothesized that the local hot spots
on the surface of a tyre tread attain elevated temperature
while driving, leading to evaporative loss of volatile content
of the tyre tread. Additionally, it has been noted that ultraf-
ine wear particles are released at higher slip angle and in-
creased speed (Alves et al., 2020).

TRWPs, based on their morphology, have been char-
acterized into four groups. The first category comprises
sausage-like/cigar-like or tube-shaped particles, common-
ly identified as representative forms of TRWPs (Kovochich
et al,, 2021; Yan et al., 2021; Kwak et al., 2014). Kovochich
et al (2021) and Park and Lee, (2018) reported sausage
shaped wear particles with encrustations from the road
surface. Knight et al. (2020) also identified TRWPs from
the roadside based on the sausage shaped appearance.
These particles typically maintain their original shape
in the absence of secondary wear processes (Yan et al.,
2021). The second type consists of spherical particles,
originating from the secondary wear processes (Yan et al.,
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2021; Kwak et al., 2014). Initially, long particles are generat-
ed and later broken into smaller fragments. These particles
form through shear forces resulting from friction (Yan et
al., 2021; Kwak et al., 2014). Subsequently, secondary wear
processes contribute to smoothing the surface of these
particles (Yan et al., 2021; Kwak et al., 2014).

A third type of TRWPs consist of irregular shapes, likely
formed due to intense wear processes resulting from high
friction situations such as severe cornering and braking
situations (Kwak et al., 2014). A fourth type is of small
spherical clusters, as reported by Park and Lee (2018), with
diameters <50nm. These clusters may form aggregate or
attach to larger particles, making it challenging to catego-
rize based on apparent size (Dahl et al., 2006).

Although a sausage-shaped assembly is distinctive
of TRWPs, other shapes, such as spherical, irregular, and
spherical clusters are not exclusive to TRWPs. These
shapes may also originate from different sources, such
as the wearing of brake pads and soot particles. This sug-
gests that relying only on physical characteristics may be
inadequate for identifying TRWPs.

4.2 Rubber as a marker

Given that 40-50% mass of a tyre consists of rubber
polymer (Table 1), scientists found it suitable for the identi-
fication of TRWPs in environmental matrices. For instance,
based on the combined content of natural rubber (NR) and
styrene butadiene rubber (SBR), the reported concentration
of TRWPs in road dust ranges from 23.2 to 55.0 x 104 ug/g
(Miller et al., 2022). Similarly, More et al. (2023), Miller et al.
(2022) and Milller et al. (2022a) observed 4-vinylcyclohex-
ene (4-VCH) and dipentene (DP), pyrolysis products of
styrene butadiene rubber (SBR) and natural rubber (NR) re-
spectively. It is important to note that Hevea brasiliensis is
a primary contributor of natural rubber (Venkatachalam et
al., 2007). However, studies using natural rubber as a mark-
er for TRWPs often overlook the proximity of vegetation to
rule out the potential contribution from other sources of
natural rubber.

Rubber undergoes vital modification to customize its
properties for the production of tyres. This involves the
addition of various additives to achieve the desired char-
acteristics, a procedure termed as compounding (Rodgers
and Waddell, 2005). However, additives are not chemical-
ly bonded to the polymer material, enabling them to enter
the environment and potentially serve as markers for the
identification of TRWPs (Johannessen et al., 2021). These
additives include inorganic and organic substances. For
example, metals, aliphatic and aromatic compounds, an-
ti-oxidants/antiozonants, and vulcanizing agents.

4.3 Elemental composition

Zinc, in the form of zinc oxide, is added to tyres to help
the vulcanizing process (see section 4.6) and accounts for
~1% mass of the tyre tread (Unice et al., 2013). Therefore,
zinc has consistently been used as a key elemental marker
for identifying TRWPs in environmental samples (Beddows
et al.,, 2023; Beji et al., 2023; Miiller et al., 2022a; Rausch et
al., 2022; Choi et al., 2020; Kovochich et al., 2021; Alves et
al., 2020; Klockner et al., 2019; Dall'Osto et al., 2014; Kwak

et al, 2013; Adachi and Tainosho, 2004). For instance,
Beauchemin et al. (2021) recorded 1,258 mg Zn/ kg in a
road dust sample, using inductively coupled plasma mass
spectrometry (ICP-MS) as the analysis technique. How-
ever, Beauchemin et al. (2021), Ghaidan et al (2019) and
Hulskotte et al. (2014) reported the presence of zinc in the
wear from brake pads.

Cobalt (Co), titanium (Ti), lithium (Li), and chromium
(Cr) serve as catalysts in the transformation of butadiene
rubber into polybutadiene rubber (O’Loughlin et al., 2023).
Barium (Ba), in the form of barite (BaS04), serves as a filler
to enhance the ageing resistance of tyres (O’'Loughlin et al.,
2023). However, metals identified in TRWPs may have mul-
tiple sources on roads. For example, Co, Ti and Li are used
in the engines of electric cars (Iglesias et al., 2020). Cr
has been reported to be in yellow road paints (Adachi and
Tainosho, 2004). Similarly, Ba is also found in paints and
brake materials (Adachi and Tainosho, 2004). Therefore,
Kldckner et al. (2020) raised concerns about the use of ele-
mental constituents as markers for TRWPs and suggested
considering organic constituents for their identification.

4.4 Aliphatic and aromatic compounds

Aliphatic hydrocarbon, characterized by the presence of
linear or branched carbon chains, are considered essential
in the formulation of tyres (Kiiglikosman et al., 2023). This
is because hydrocarbons shield the rubber of tyre from
cracking induced by UV light. Therefore, Alves et al (2020)
suggested the use of aliphatic compounds (>C,,) for the
identification of TRWPs. However, reliance on aliphatic
compounds for the identification of TRWPs is questiona-
ble owing to its ubiquitous presence in gasoline. Gasoline,
commonly referred to as petrol, is used as a fuel for com-
bustion engines (Nzila, 2018). Gasoline is a liquid blend
of aliphatic hydrocarbons obtained through the fraction-
al distillation of crude oil (Vulimiri et al., 2017). Crude oil
consists of a mixture of various molecules having different
densities (Hsu and Robinson, 2017). The mixture is heated
to extract individual fractions based on their boiling points
(Hsu and Robinson, 2017). It includes heating a mixture to
produce vapours which are subsequently cooled and con-
densed to separate the individual liquid (fractional distilla-
tion) (Hsu and Robinson, 2017). Burning of gasoline/petrol
in combustion engines emits aliphatic hydrocarbons as
part of the combustion process.

Aromatic hydrocarbons are groups of organic com-
pounds that contain one or more benzene rings. These
compounds are characterized by having alternating single
and double bonds in their ring structure, resulting in unique
stability (Klgtikosman et al., 2023). Due to the stability,
PAHs have been used in the formulation of tyres as soften-
ers. Previously, polycyclic aromatic hydrocarbons (PAHSs)
associated with TRWPs have also been of interest. PAHs
have been reported to be in fine or ultrafine TRWPs. For
instance, Sharma, (2010) used phenanthrene (Phe), anthra-
cene (Anth) and range of other PAHSs to evaluate the emis-
sion of TRWPs and reported 378ng/tyre/km of PAH in PM,
particles. In 2003, tyres were alleged as a major contributor
of PAHSs to the environment. The potential triptogenic ef-
fects (mutagenic, carcinogenic and teratogenic) of PAHs
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(Yao et al., 2024) drew the attention of the European Union
and subsequently it banned the use of high aromatic oils
for use in tyres, as they contain PAHs (Kreider et al., 2010).
Recently, Alves et al. (2020) reported PAHs in TRWPs. This
might be coming from petrogenic sources. PAHs and their
derivatives primarily result from the pyrolysis of fuels with-
in motor vehicle engines (Yao et al., 2024; Ogbunuzor et
al., 2020). On the surface of soot, formed during combus-
tion, smaller PAH molecules can undergo further reactions,
leading to the formation of larger and complex PAH mol-
ecules (Yao et al., 2024). They may also adsorb onto the
surface of particulate matter (Ogbunuzor et al., 2020).
Considering the widespread presence of aliphatic and
aromatic compouns in fuel and subsequent use as mark-
ers for the aestimation of gasoline emission, these com-
pounds may not be suitable for the identification of TRWPs.

4.5 Antioxidants/antiozonants

Antioxidants/antiozonants play a vital role in inhibiting
or slowing down the degradation process of tyre rubber due
to oxidative aging (Sharj-Sharifi et al., 2020). Antioxidants/
antiozonants function by reacting with and neutralizing the
free radicals formed during oxidative aging. This process
is triggered when rubber is subjected to environmental
stress factors such as light, mechanical shear and heat
(Sharj-Sharifi et al., 2020). Frequently used antioxidants are
N-phenyl-N"-(1,3-dimethylbutyl)-phenylenediamine (6PPD)
and 2,2,4-Trimethyl-1,2-Dihydroquinoline (TMQ) (Zhang
et al,, 2023; Zhao et al., 2023; Hiki and Yamamoto, 2022;
Klockner et al., 2021). It has been estimated that ~54%
of the yearly production of 6PPD is used as a vulcanizing
agentintyres (Zhou et al., 2023), suggesting its widespread
presence in most tyres.

In static conditions, 6PPD gradually comes to the
surface of a tyre or TRWPs and reacts with oxygen or
ozone, creating a protective layer on the rubber surface
(Sharj-Sharifi et al., 2020). The protective film effectively
prevents ozone from infiltrating and interacting with the
rubber (Sharj-Sharifi et al., 2020). This process of moving
an antiozonant (i.e. 6PPD) to the surface of a tyre or wear
particles is termed as blooming (Sharj-Sharifi et al., 2020).
6PPD may also leach into the environment and become
environmentally available (Varshney et al., 2022). For in-
stance, Hiki and Yamamoto, (2022) observed 45-1175ng of
6PPD in one gram of road dust. In a study by Klockner et
al., (2021), the presence of 6PPD was documented in road
dust. Klockner et al., (2021) collected road dust samples
from a tunnel having an 80km/h speed limit. However, their
sampling methodology was not discussed, compromis-
ing the reproducibility of method to verify the results. It is
also necessary to analyse TRWPs to confirm the source of
6-PPD. For this reason, Unice et al., (2015) formulated an
industry standard test tyre using 6PPD as an antioxidant.
TWPs from a test tyre were produced through cryogenic
milling, underwent weathering and were subjected to anal-
ysis using liquid chromatography-mass spectrometry (LC/
MS/MS) in the mode of electrospray ionization (ESI). Anal-
ysis confirmed the presence of 1,3-dimethylbutylamine
(1,3-DMBA), 4-aminodiphenylamine (4-ADPA) and 4-Ni-
trosodiphenylamine (4s DPA), aligning with the findings of

Zhaou et al (2023). However, tyre formulation at pilot scale
may not accurately reflect the composition of wear parti-
cles present in the natural environment.

Fohet et al. (2023) exposed TRWPs (collected directly
from the tyres on road) to natural aging conditions for a
period of three months and found that the concentration
of 6PPD decreased by 98%. It was also found that 6PPD
(C,gH,,N,) transformed into 6PPD-Q (C,, H,,N,0,) after 21
days of aging, suggesting that the composition of TRWPs
may help in determining the age of the wear particles and
the corresponding effects on the environment.

Varshney et al., (2022) found that 6PPD might negative-
ly affect the neural system of larvae of zebrafish. Similarly,
6PPD-Q may induce mortality in Coho salmon (Oncorhyn-
chus kisutch) (Greer et al., 2023). However, whilst evaluat-
ing the effects of TRWPs owing to its constituents, other
possible sources of those additives should also be consid-
ered. For example, 6PPD has reported use in hair dyes and
cosmetic products (Du et al., 2022).

Zhang et al. (2023) analysed the surface water sam-
ples for the targeted study of 6PPD and its transformation
compounds. Water samples were supplemented with inter-
nal standards to improve the extraction efficiency and se-
lected compounds were extracted using methanol. 6PPD-Q
(maximum 1562 ng/L), along with 6PPD (max 7.52ng/L),
was observed in the analysis. This not only represents the
transportation of 6PPD to water channels through runoff but
also indicates the potential transformation product, which is
6PPD-Q. Zhang et al. (2023) reported the presence of other
potential transformation products of 6PPD namely DPPD
(N,N"-Diphenyl-1,4-phenylenediamine), IPPD  (N-Isopro-
pyl-N"-phenyl-1,4-phenylenediamine), DTPD (N,N"-Bis(meth-
ylphenyl)-1,4-benzenediamine), because of the structural
similarity to 6PPD. However, these identified compounds
cannot be exclusively attributed to TRWPs for many rea-
sons. Firstly, tyre wear particles have not been used as a
reference, raising concerns about the reliability of the study.
Secondly, the study has not considered the surrounding non-
point sources of the identified compounds, indicating that
the sources of the compounds has not been thoroughly in-
vestigated. Thirdly, the internal standard used may have im-
purites, which may cause false positive results.

Therefore, to understand the transformation mecha-
nism of 6PPD, different researchers conducted in vitro stud-
ies. For example, Zhao et al., (2023) subjected slides, coat-
ed with industrial grade 6PPD (98% purity), to gas-phase
ozone to evaluate the transformation products. Several
transformation products have been identified, using liquid
chromatography- tandem mass spectrometry (LC-MS/MS),
such as 1,3 DMBA, 4-ADPA, 6-PPD, 4-Nitrosodiphenylamine
(4s-DPA), 4-Nitrodiphenylamine (4-NDPA) and 4-Hydroxy-
diphenylamine (4-HDPA). For environmental applicability,
road runoff samples were also evaluated; 1,3-DMBA was
highest (2200ng/L) followed by 4-HDPA (150ng/L), 6PPD-Q
(140ng/L), 4ADPA(110ng/L). Seiwert et al. (2022) also re-
ported similar transformation products in aqueous phase
reaction with different relative proportion, suggesting that
TRWPs may be a source of these compounds in the en-
vironment. However, most of the observed transformation
products of 6-PPD have various additional sources. For ex-
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ample, 4-ADPA has reported use as precursor in lubricants
and fuel, 4s DPA is used during prodcution of polyvinylchlo-
ride (PVC) to inhibit polymeration reactions (Fohet et al.,
2023). Therefore, 4s DPA and 4-ADPA may have multiple
transformation pathways than 6PPD. Furthermore, relative
high proportion of 1,3-DMBA in TRWPs and that of runoff
samples indicates significant contribution from tyres to the
collective environmental concentration of this compound.
However, further research is rrequired to assess the stabil-
ity and significance of this component.

It is to be noted that another antioxidant that has been
used in tyres, 2,2,4-Trimethyl-1,2-Dihydroquinoline (TMQ),
has not been extensively examined in the existing literature.

4.6 Vulcanizing agents

Vulcanization, also known as crosslinking, is a crucial
process in the tyre industry (Lubura et al., 2023; Markovi¢
et al.,, 2020). During vulcanization, the rubber compound
transforms into a resilient product known as vulcanized
rubber (Markovi¢ et al., 2020). This is achieved through
sequential and simultaneous alterations of both chemical
and physical characteristics of the rubber (Markovi¢ et al.,
2020). The fundamental aspect of vulcanization involves
establishing cross-linkages between rubber macromol-
ecules, resulting in the formation of a three-dimensional
network within rubber structure (Markovi¢ et al., 2020).
The components of a cross-linked network include phys-
ical bonds (non-covalent bonds), such as hydrogen bonds,
among individual macromolecule (Lubura et al., 2023;
Markovi¢ et al., 2020). Interactions, including polar or
dispersive forces, play a crucial role in the formation of
the network (Lubura et al., 2023; Markovi¢ et al., 2020).
Non-covalent interactions give flexibility and dispersive
forces enhance the mechanical strength of the rubber, all
crucial for the performance of a tyre (Markovi¢ et al., 2020).

Various vulcanizing agents are used to aid in the for-
mation of chemical bonds within rubber structure. Three
of the frequently used vulcanizing agents are N-cyclohex-
yl-benzothiazole-2-sulfenamide (CBS), benzothiazole (BT),
and 1,3-Diphenylguani- dine (DPG) (Weyrauch et al., 2023),
as shown in Figure 3. However, all of the mentioned com-
pounds are unstable in environmental settings (Fohet et
al., 2023). It is unclear in the literature, whether CBS is a
transformation product of benzothiazole or its parent com-
pound. Fohet et al. (2023) stated that CBS transforms into
benzothiazole (BT) immediately after the making of tyres
(Fohet et al., 2023). Weyrauch et al. (2023) and Unice et
al. (2015) reported a negligible amount (0.04%) of CBS in
the extract of the particles and attributed it as a primary
compound in the formulation of tyres. Zhang et al. (2018)
reported various transformation products of benzothiazole
and classified CBS as one of the tranformation products of
BT. The difference in the behaviour of CBS might be due to
variations in analytical approaches and instruments used
for the analysis. For instance, Weyrauch et al. (2023) used
methanol for extraction of constituents from wear of tyres
and used ultra performance liquid chormatography-high
resolution mass spectrometry (UPLC-HRMS) for the anal-
ysis. Unice et al. (2015) used toulene as an etxraction sol-
vent and quantified the extracts using liquid chromatogra-

phy with tandem mass spectrometry (LC-MS/MS), implying
the need to standardize the methodological approaches.

Similarly, BT has been widely reported in different envi-
ronmental samples (Weyrauch et al., 2023). For instance,
Knight et al, (2020) reported N-cyclohexyl-2-benzothi-
azolamine (NCBA), a derivative of benzothiazole, in drain-
age sumps in the United Kingdom. Wet sediments were
subjected to analysis using gas chromatography mass
spectrometry (GC/MS) (Knight et al., 2020). However, the
specific ionization mode employed was not reported in the
study. The ionization mode in analytical equipment such
as GC/MS may influence the selectivity and sensitivity of
the analysis of the environmental samples (Amirav et al.,
2020). This could potentially impact the reproducibility and
interpretation of the results (Amirav et al., 2020).

2-hydroxy benzothiazole (2-OH-BT), another derivative
of BT, has been recognised as a product resulting from the
oxidation of BT (Zhang et al., 2018). Laboratory studies
have confirmed that the elevated temperature leads to the
conversion of BT into 2-OH-BT (Borowskaa et al., 2016).
Consequently, 2-OH-BT may originate from the oxidation
of BT during driving, from high-speed friction (Zhang et
al., 2018). However, BT and its derivatives have also been
found in indoor dust as reported by Wang et al. (2013). Ad-
ditionally, these compounds have been reported in textile
industries (Avagyan et al., 2015).

BT has various applications (Kloepfer et al., 2004).
For instance, it has reported use as fungicide and biocide
(Luongo et al., 2016). Fungicides, a type of pesticide, are
considered a crucial element in managing pests and dis-
eases in horticulture (Wightwick et al., 2010). This occurs
because fungal species, such as botrytis and downy mil-
dew, can damage crops, making them unfit for sale (Wight-
wick et al., 2010). Nevertheless, eliminating most fungal
diseases proves challenging, as outbreaks can persist over
multiple growing seasons despite efforts to eradicate them
(Wightwick et al., 2010). This occurs because spores may
become dormant during harsh environmental conditions
and start growing again when conditions become favoura-
ble (Wightwick et al., 2010). These devastating impacts of
fungal diseases led to the development of fungicides. For
example, experiments carried out in the United Kingdom
revealed that the application of fungicide to winter wheat
led to a yield increase of up to 89% (Wightwick et al., 2010).
Similarly, biocides are biologically active substances em-
ployed to prevent the activities of infectious agents. These
substances have various applications, ranging from main-
taining hygiene in hospitals to agriculture practices, serv-
ing purposes such as disinfection and quality preservation
(Kahkonen and Nordstrém, 2008). Additionally, these sub-
stances have frequently been detected in wastewater (Asi-
makopoulos et al., 2013), municipal wastewater (Kowalska
et al, 2019) and household wastewater (Avagyan et al.,
2015) unaffected by road runoff (Luongo et al., 2016). The
extensive use of benzothiazole and its derivatives across
diverse fields suggests that it may not serve as a suitable
marker for identifying TRWPs.

1,3-diphenylguanidine (DPG), a bicyclic amine, is com-
monly used in the production of rubber as an accelerator of
vulcanization. It has been associated with the pollution of
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FIGURE 3: Transformation products of 1,3 Diphenylguanidine (DPG), N-cyclohexyl-benzothiazole-2-sulfenamide (CBS) and N-(1,3 dimethyl-
butyl)-N"-phenyl-p-phenylenediamine (6PPD). Made by using ChemDraw software.

TRWPs (Miiller et al., 2022). Johannessen et al. (2021) re-  evaluated the leachate of tyre wear particles for DPG. Nu-
ported DPG in the surface water that received storm-water merous compounds structurally similar to DPG were de-
runoff from highways in pg/L. Moreover, Peter et al. (2018) tected in the leachate, suggesting that DPG may transform
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into different constituents (Peter et al., 2018). These trans-
formed constituents include 1,3 dicyclohexylurea (1,3-
DCU), N-methyl-dicyclohexylamine and N, N'-dicyclohex-
yl-2-benzothiazole sulfonamide (DCBA) (Peter et al., 2018).
Other than these compounds, Seiwert et al. (2020) report-
ed dicyclohexylamine in road runoff. Dicyclohexylamine is
likely to be a product of hydrolysis of DCBA. DCBA consists
of two cyclohexylamine groups attached to benzothiazole
sulfonamide. Hydrolysis is considered to break down the
bond between them, releasing dicyclohexylamine. (Peter et
al., 2018). However, due to high vapour pressure and half-
life of 2.9h dicyclohexylamine readily reacts with oxidizing
agents (Johannassen et al., 2021), suggesting that this
compound is not an ideal marker for the identification of
TRWPs. Furthermore, aniline compound is also considered
to be a typical transformation product of DPG (Peter et al.,
2018; Unice et al., 2015). Aniline is also used as anti-knock
agent in petrol (Viayna et al., 2021). Engine knocking, also
known as knocking combustion, occurs when the air-fuel
mixture in an internal combustion engine ignites spontane-
ously before the engine spark plug fires (Wang et al., 2017).
This unintended ignition causes pressure waves that col-
lide, leading to a distinctive knocking sound. Engine knock-
ing may cause damage to the engine, causing decrease in
the overall performance. Anti-knock agents, such as addi-
tives in fuels (e.g Aniline), are used to minimize knocking.
These agents alter the combustion characteristics of the
fuel, raising its resistance to spontaneous ignition and help
to maintain engine operations (Wang et al., 2017).

Overall, it has been found that various constituents of
tyre have been used for the identification and quantifica-
tion of TRWPs in the environmental samples. However,
most identified constituents are not ideal for this purpose.
For examples, aliphatic and aromatic hydrocarbons that
have been associated with TRWPs have origin from ex-
haust emissions as well. Similarly, benzothiazole and its
derivatives have widespread use ranging from textile sec-
tor to hospitals. However, tube shaped/sausage shaped
particles is an exclusive physical feature of TRWPs. Sim-
ilarly, most of the world production of 6PPD is used in the
manufacturing of tyres, making it somewhat suitable for
the identification of TRWPs in the environment.

5. CONCLUSIONS

It is evident that identifying a single effective marker for
quantification of TRWPs poses a considerable challenge.
Consequently, a suite of physical and chemical markers
could be used to enhance identification, quantification
and impact assessment. For instance, particles having a
sausage-shaped assembly could be used for the identifi-
cation of TRWPs, since this shape is distinct to wear parti-
cles of tyres. As section 4.1 details the variation in shape
of TRWPs, from elongated particles to spherical ones,
spiking experiment should be carried out to evaluate the
inadequate representation of particles other than sausage
shaped. Furthermore, whilst using physical characteristics
for the identification of TRWPs, zinc could function as a
confirming marker to verify if the particles originated from
the wearing of tyres. Similarly, 6PPD and its comparatively

stable transformation product 6PPD-Q could be used for
the identification and quantification of TRWPs as more
than half of the global production of 6PPD serves as an
antioxidant in tyres, establishing tyres as a primary source
of this compound. However, when evaluating the impact
of 6PPD, it is important to consider the potential overrep-
resentation of this compound, recognizing that the preva-
lence might influence the overall representation.

Furthermore, this review of literature identified several
limitations in identifying a marker for TRWPs that must be
addressed when quantifying them:

The reporting of sampling methods across studies
showed significant variability. For instance, some stud-
ies have not documented the sampling method at all.
The lack of comprehensive documentation regarding
the sampling methods raises questions about the re-
liability of the collected data. Transparent reporting of
sampling methodologies is important to enhance the
reproducibility of the studies investigating TRWPs in
the environmental matrices.
Most of the studies included in this review did not ex-
plicitly disclose the ionization techniques used in con-
junction in mass spectrometry. The absence of this vi-
tal information poses challenges for the reproducibility
of the method by other researchers, as the ionization
step is a fundamental aspect of the mass spectrometry
process. This involves converting sample molecules
into ions, which can then be separated and detected
based on their mass to charge ratio (Awad et al., 2015).
+ Studies focusing on the analysis of the environmental
samples for targeted markers of TRWPs have not incor-
porated laboratory-generated tyre wear particles as a
standard. This omission raises concerns regarding the
potential influence of other environmental sources, as
the use of laboratory generated particles serves as a
critical benchmark and rules out external contribution.
Incorporating such standards is essential for ensuring
specificity and reliability of the identified markers in the
environmental samples.

6. RECOMMENDATIONS

Based on the findings of thorough literature review,
there is an urgent need to advance the future research in
terms of better understanding of TRWPs. Therefore, follow-
ing recommendations are proposed:

The use of multiple thermo-analytical methods by dif-
ferent researchers features the inconsistency for ana-
lysing TRWPs in literature. This highlights the impor-
tance of standardizing the analytical instruments for
the comparability of results.

Artificial weathering experiments, in literature, has
been conducted at 60°C; however, Kreider et al. (2010)
reported the max temperature at contact point of tread
and road surface to be ~180°C. Thus, future studies
should also evaluate the composition and transforma-
tion products at higher temperature.

Most of the studies have analysed targeted constitu-
ents of TRWPs without considering the possibility of
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wide range of substances. Therefore, subsequent work
should consider studying broader spectrum of the con-
stituents.

+  Transformation products of 6-PPD should be thor-
oughly investigated in aquatic ecosystem so that the
potentially harmful effects and ecological risks can be
assessed.

+ A relatively high concentration of 1,3-DMBA in the lea-
chate of TRWPs shows its significance. Further work is
required to test if it is a degradation product of 6-PPD or
a parent compound of other constituents.

* Much information about the antioxidant, TMQ, could
not found in the literature, suggesting further analysis
of this compound for evaluating its environmental be-
haviour.

+ Reseachers/engineers should also focus on formulat-
ing tyres that minimize TRWPs.

ACKNOWLEDGEMENTS

The authors express their gratitude to the University
of Southampton for its invaluable support in the form of
studentship, which played a crucial role in Zainab’s PhD re-
search work.

REFERENCES

Adachi, K. and Tainosho, Y., (2004). Characterization of heavy metal
particles embedded in tire dust. Environment International, 30(8),
pp.1009-1017. https://doi.org/10.1016/j.envint.2004.04.004

Alves, C.A., Vicente, AM.P, Calvo, A.l, Baumgardner, D., Amato, F,
Querol, X., Pio, C. and Gustafsson, M., (2020). Physical and chem-
ical properties of non-exhaust particles generated from wear
between pavements and tyres. Atmospheric Environment, 224,
p.117252. https://doi.org/10.1016/j.atmosenv.2019.117252

Amirav, A., Fialkov, A., Margolin Eren, K., Neumark, B., Elkabets, 0., Tsiz-
in, S., Gordin, A. and Alon, T,, (2020). Gas chromatography—mass
spectrometry (GC—-MS) with cold electron ionization (El): bridging
the gap between GC-MS and LC-MS. LCGC Supplements, 18(4),
pp.5-15. https://www.spectroscopyonline.com/view/gas-chroma-
tography-mass-spectrometry-gc-ms-with-cold-electron-ionization-
ei-bridging-the-gap-between-gc-ms-and-lc-ms

Asimakopoulos, A.G., Ajibola, A., Kannan, K. and Thomaidis, N.S,,
(2013). Occurrence and removal efficiencies of benzotriazoles
and benzothiazoles in a wastewater treatment plant in Greece.
Science of the Total Environment, 452, pp.163-171. https://doi.
org/10.1016/j.scitotenv.2013.02.041

Avagyan, R., Luongo, G., Thorsén, G. and Ostman, C., (2015). Benzo-
thiazole, benzotriazole, and their derivates in clothing textiles—a
potential source of environmental pollutants and human exposure.
Environmental Science and Pollution Research, 22, pp.5842-5849.
https://doi.org/10.1007/s11356-014-3691-0

Awad, H., Khamis, M.M. and El-Aneed, A., (2015). Mass spectrometry,
review of the basics: ionization. Applied Spectroscopy Reviews,
50(2), pp.158-175. https://doi.org/10.1080/05704928.2014.9540
46

Baensch-Baltruschat, B., Kocher, B., Stock, F. and Reifferscheid, G.,
(2020). Tyre and road wear particles (TRWP) - A review of gen-
eration, properties, emissions, human health risk, ecotoxicity, and
fate in the environment. Science of the Total Environment, 733,
p.137823. https://doi.org/10.1016/j.scitotenv.2020.137823

Beauchemin, S., Levesque, C., Wiseman, C.L. and Rasmussen, PE.,
(2021). Quantification and characterization of metals in ultraf-
ine road dust particles. Atmosphere, 12(12), p.1564. https://doi.
org/10.3390/atmos12121564

Beddows, D.C., Harrison, R.M., Gonet, T., Maher, B.A. and Odling, N.,
(2023). Measurement of road traffic brake and tyre dust emis-
sions using both particle composition and size distribution data.
Environmental Pollution, 331, p.121830. https://doi.org/10.1016/j.
envpol.2023.121830

Beji, A., Deboudt, K., Muresan, B., Khardi, S., Flament, P,, Fourmentin,
M. and Lumiere, L., (2023). Physical and chemical characteristics
of particles emitted by a passenger vehicle at the tire-road con-
tact. Chemosphere, 340, p.139874. https://doi.org/10.1016/].
chemosphere.2023.139874

Benson, K., Irvin-Barnwell, E., Ragin-Wilson, A. and Breysse, P, (2019).
Federal Research Action Plan on Recycled Tire Crumb Used on
Playing Fields: Tire Crumb Rubber Characterization and Exposure
Characterization Study Overview. Journal of Environmental Health,
82(2), p.28-30. http://www.ncbi.nlm.nih.gov/pubmed/34092808

Boogaard, H., Samoli, E., Patton, A.P, Atkinson, R.W., Brook, J.R.,
Chang, H.H., Hoffmann, B., Joss, M.K., Sagiv, S.K., Smargiassi, A.
and Szpiro, A.A., (2023). Long-term exposure to traffic-related air
pollution and non-accidental mortality: A systematic review and
meta-analysis. Environment international, 176, p.107916. https:/
doi.org/10.1016/j.envint.2023.107916

Borowska, E., Felis, E. and Kalka, J., (2016). Oxidation of benzotriazole
and benzothiazole in photochemical processes: Kinetics and for-
mation of transformation products. Chemical Engineering Journal,
304, pp.852-863. https://doi.org/10.1016/j.cej.2016.06.123

Cao, G., Wang, W., Zhang, J., Wu, P, Zhao, X., Yang, Z., Hu, D. and Cai, Z.,
(2022). New evidence of rubber-derived quinones in water, air, and
soil. Environmental Science & Technology, 56(7), pp.4142-4150.
https://doi.org/10.1021/acs.est.1c07376

Changarnier, S., Hichri, Y., Cerezo, V., Do, M.T.,, Salvatore, F. and Za-
houani, H., (2018). Observations of dry particles behaviour at
the tyre/road interface. Tribology International, 128, pp.291-301.
https://doi.org/10.1016/j.triboint.2018.07.023

Charron, A., Polo-Rehn, L., Besombes, J.L., Golly, B., Buisson, C., Cha-
nut, H., Marchand, N., Guillaud, G. and Jaffrezo, J.L., (2019). Iden-
tification and quantification of particulate tracers of exhaust and
non-exhaust vehicle emissions. Atmospheric Chemistry and Phys-
ics, 19(7), pp.5187-5207. https://doi.org/10.5194/acp-19-5187-
2019

Choi, J.Y., Jeong, H., Choi, K.Y., Hong, G.H., Yang, D.B., Kim, K. and Ra,
K., (2020). Source identification and implications of heavy met-
als in urban roads for the coastal pollution in a beach town, Bu-
san, Korea. Marine Pollution Bulletin, 161, p.111724. https://doi.
org/10.1016/j.marpolbul.2020.111724

Continental. (2023, March 3). Tire mixture. https://www.continen-
tal-tires.com/car/tire-knowledge/tirebasics/tire-mixture

Cunningham, B., Harper, B., Brander, S. and Harper, S., (2022). Toxicity
of micro and nano tire particles and leachate for model freshwa-
ter organisms. Journal of Hazardous Materials, 429, p.128319.
https://doi.org/10.1016/j.jhazmat.2022.128319

Dahl, A., Gharibi, A., Swietlicki, E., Gudmundsson, A., Bohgard, M., Ljun-
gman, A, Blomqvist, G. and Gustafsson, M., (2006). Traffic-gen-
erated emissions of ultrafine particles from pavement-tire inter-
face. Atmospheric Environment, 40(7), pp.1314-1323. https://doi.
org/10.1016/j.atmosenv.2005.10.029

Dall'Osto, M., Beddows, D.C., Gietl, J.K., Olatunbosun, O.A., Yang, X. and
Harrison, R.M., (2014). Characteristics of tyre dust in polluted air:
Studies by single particle mass spectrometry (ATOFMS). Atmos-
pheric Environment, 94, pp.224-230. https://doi.org/10.1016/j.at-
mosenv.2014.05.026

Dobrots, D., Dobrot3, G. and Dobrescu, T., (2020). Improvement of waste
tyre recycling technology based on a new tyre markings. Journal
of Cleaner Production, 260, p.121141. https://doi.org/10.1016/j.
jclepro.2020.121141

Dy, B., Liang, B., Li, Y., Shen, M., Liu, L.Y. and Zeng, L., (2022). First report
on the occurrence of N-(1, 3-dimethylbutyl)-N'-phenyl-p-phenylen-
ediamine (6PPD) and 6PPD-quinone as pervasive pollutants in
human urine from south China. Environmental Science and Tech-
nology Letters, 9(12), pp.1056-1062. https://doi.org/10.1021/acs.
estlett.2c00821

Fauser, P, Tjell, J.C., Mosbaek, H. and Pilegaard, K., (1999). Quantifica-
tion of tire-tread particles using extractable organic zinc as trac-
er. Rubber Chemistry and Technology, 72(5), pp.969-977. https://
doi.org/10.5254/1.3538846

Fohet, L., Andanson, J.M., Charbouillot, T., Malosse, L., Leremboure, M.,
Delor-Jestin, F. and Verney, V., (2023). Time-concentration profiles
of tire particle additives and transformation products under nat-
ural and artificial aging. Science of The Total Environment, 859,
p.160150. https://doi.org/10.1016/j.scitotenv.2022.160150

38

Z.Tariq et al. / DETRITUS / Volume 29 - 2024 / pages 27-41



Ghaidan, H.Q. and Al-Easawi, N.A.F,, (2019). Histological Changes in the
Lung and Liver of Mice Treated with Brake Pad Particles. Baghdad
Science Journal, 16(2), pp.306-314. http://dx.doi.org/10.21123/
bsj.2019.16.2.0306

Gigli, S., Landi, D. and Germani, M., (2019). Cost-benefit analysis of a
circular economy project: A study on a recycling system for end-of-
life tyres. Journal of Cleaner Production, 229, pp.680-694. https://
doi.org/10.1016/j.jclepro.2019.03.223

Grammelis, P,, Margaritis, N., Dallas, P,, Rakopoulos, D. and Mavrias, G.,
(2021). A review on management of end of life tires (ELTs) and
alternative uses of textile Fibers. Energies, 14(3), p.571. https://
doi.org/10.3390/en14030571

Greer, J.B., Dalsky, E.M., Lane, R.F. and Hansen, J.D., (2023). Tire-de-
rived transformation product 6PPD-quinone induces mortality and
transcriptionally disrupts vascular permeability pathways in devel-
oping coho salmon. Environmental Science & Technology, 57(30),
pp.10940-10950. https://doi.org/10.1021/acs.est.3c01040

Grynkiewicz-Bylina, B., Rakwic, B. and Stomka-Stupik, B., (2022). Tests
of rubber granules used as artificial turf for football fields in terms
of toxicity to human health and the environment. Scientific Reports,
12(1), pp.1-13. https://doi.org/10.1038/s41598-022-10691-1

Giiney, B. and Ali, 0.Z., (2020). Microstructure and chemical analysis of
vehicle brake wear particle emissions. Avrupa Bilim ve Teknoloji
Dergisi, 19, pp.633-642. https://doi.org/10.31590/ejosat.744098

Gustafsson, M. and Johansson, C., (2012). Road pavements and
PM10: summary of the results of research funded by the Swed-
ish Transport Administration on how the properties of road pave-
ments influence emissions and the properties of wear particles.
Borlange: Trafikverket. https://www.diva-portal.org/smash/record.
jsf?pid=diva2%3A674206&dswid=3576. (DoLA: 03003/2024)

Hiki, K. and Yamamoto, H., (2022). Concentration and leachability of
N-(1, 3-dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD) and
its quinone transformation product (6PPD-Q) in road dust col-
lected in Tokyo, Japan. Environmental Pollution, 302, p.119082.
https://doi.org/10.1016/j.envpol.2022.119082

Hooftman, N., Oliveira, L., Messagie, M., Coosemans, T. and Van Mierlo,
J., (2016). Environmental analysis of petrol, diesel and electric pas-
senger cars in a Belgian urban setting. Energies, 9(2), p.84. https://
doi.org/10.3390/en9020084

Hopke, PK., Lamb, R.E., Natusch, D.F.S., (1980). Multielemental charac-
terization of urban roadway dust. Environmental Science and Tech-
nology, 14(2), 164-172. https://doi.org/10.1021/es60162a006

Hsu, C.S. and Robinson, PR., (2017). Petroleum Distillation. Springer
Handbook of Petroleum Technology. Argentina: Springer, pp.533-
550. https://doi.org/10.1007978-3-319-49347-3_1

Huang, W., Song, B., Liang, J., Niu, Q., Zeng, G., Shen, M., Deng, J., Luo,
Y., Wen, X. and Zhang, Y., (2021). Microplastics and associated
contaminants in the aquatic environment: A review on their ecotox-
icological effects, trophic transfer, and potential impacts to human
health. Journal of Hazardous Materials, 405, p.124187. https://doi.
0rg/10.1016/j.jhazmat.2020.124187

Hiffer, T., Wagner, S., Reemtsma, T. and Hofmann, T, (2019). Sorp-
tion of organic substances to tire wear materials: similarities
and differences with other types of microplastic. TrAC Trends in
Analytical Chemistry, 113, pp.392-401. https://doi.org/10.1016/].
trac.2018.11.029

Hulskotte, J.H.J., Roskam, G.D. and Van Der Gon, H.D., (2014). Elemen-
tal composition of current automotive braking materials and de-
rived air emission factors. Atmospheric Environment, 99, pp.436-
445. https://doi.org/10.1016/j.atmosenv.2014.10.007

Hussain, S., Hamid, M.A,, Lazim, A.M. and Bakar, A.A., (2014). Brake
wear particle size and shape analysis of non-asbestos organic
(NAO) and semi metallic brake pad. Jurnal Teknologi, 71(2), 129-
134. http://dx.doi.org/10.11113/jt.v71.3731

Iglesias-Embil, M., Valero, A., Ortego, A., Villacampa, M., Vilaré, J. and
Villalba, G., (2020). Raw material use in a battery electric car-a
thermodynamic rarity assessment. Resources, Conservation
and Recycling, 158, p.104820. https://doi.org/10.1016/j.rescon-
rec.2020.104820

Jérlskog, 1., Stromvall, A.M., Magnusson, K., Gustafsson, M., Polukaro-
va, M., Galfi, H., Aronsson, M. and Andersson-Skoéld, Y., (2020). Oc-
currence of tire and bitumen wear microplastics on urban streets
and in sweeps and washwater. Science of the Total Environment,
729, p.138950. https://doi.org/10.1016/j.scitotenv.2020.138950

Jeong, Y., Lee, S. and Woo, S.H., (2022). Chemical Leaching from Tire
Wear Particles with Various Treadwear Ratings. International Jour-
nal of Environmental Research and Public Health, 19(10), p.6006.
https://doi.org/10.3390/ijerph19106006

Johannessen, C., Helm, P. and Metcalfe, C.D., (2021). Detection of
selected tire wear compounds in urban receiving waters. Envi-
ronmental Pollution, 287, p.117659. https://doi.org/10.1016/j.en-
vpol.2021.117659

Jung, U. and Choi, S.S., (2022). Classification and Characterization of
Tire-Road Wear Particles in Road Dust by Density. Polymers, 14(5),
pp.1005. https://doi.org/10.3390/polym14051005

K&hkonen, E. and Nordstrom, K., (2008). Toward a nontoxic poison:
current trends in (European Union) biocides regulation. Integrated
Environmental Assessment and Management, 4(4), pp.471-477.
https://doi.org/10.1897/IEAM_2008-021.1

Kléckner, P, Reemtsma, T., Eisentraut, P, Braun, U., Ruhl, A.S. and Wag-
ner, S., (2019). Tire and road wear particles in road environment-
Quantification and assessment of particle dynamics by Zn deter-
mination after density separation. Chemosphere, 222, pp.714-721.
https://doi.org/10.1016/j.chemosphere.2019.01.176

Kléckner, P, Seiwert, B., Weyrauch, S., Escher, B.l, Reemtsma, T. and
Wagner, S., (2021). Comprehensive characterization of tire and
road wear particles in highway tunnel road dust by use of size and
density fractionation. Chemosphere, 279, p.130530. https://doi.
org/10.1016/j.chemosphere.2021.130530

Kloepfer, A., Jekel, M. and Reemtsma, T., (2005). Occurrence, sourc-
es, and fate of benzothiazoles in municipal wastewater treatment
plants. Environmental Science and Technology, 39(10), pp.3792-
3798. https://doi.org/10.1021/es048141e

Knight, L.J., Parker-Jurd, F.N., Al-Sid-Cheikh, M. and Thompson, R.C.,
(2020). Tyre wear particles: an abundant yet widely unreported
microplastic? Environmental Science and Pollution Research, 27,
pp.18345-18354. https://doi.org/10.1007/s11356-020-08187-4

Kole, P.J., Lohr, A.J., Van Belleghem, F.G. and Ragas, A.M., (2017). Wear
and tear of tyres: a stealthy source of microplastics in the environ-
ment. International Journal of Environmental Research and Public
Health, 14(10), p.1265. https://doi.org/10.3390/ijerph14101265

Kovochich, M., Liong, M., Parker, J.A., Oh, S.C., Lee, J.P, Xi, L., Krei-
der, M.L. and Unice, K.M., (2021). Chemical mapping of tire and
road wear particles for single particle analysis. Science of The
Total Environment, 757, p.144085. https://doi.org/10.1016/j.scito-
tenv.2020.144085

Kowalska, K., Felis, E., Sochacki, A. and Bajkacz, S., (2019). Removal
and transformation pathways of benzothiazole and benzotriazole
in membrane bioreactors treating synthetic municipal wastewa-
ter. Chemosphere, 227, pp.162-171. https://doi.org/10.1016/].
chemosphere.2019.04.037

Kreider, M.L., Panko, J.M., McAtee, B.L., Sweet, L.I. and Finley, B.L.,
(2010). Physical and chemical characterization of tire-related
particles: Comparison of particles generated using different meth-
odologies. Science of the Total Environment, 408(3), pp.652-659.
https://doi.org/10.1016/j.scitotenv.2009.10.016

Kugiikosman, R., Yontar, A.A. and Ocakoglu, K., (2023). Experimental
studies on combustion and atomization characteristics of aliphat-
ic and aromatic hydrocarbons droplets. Journal of the Energy In-
stitute, 108, p.101249. https://doi.org/10.1016/j.joei.2023.101249

Kumata, H., Sanada, Y., Takada, H. and Ueno, T., (2000). Historical
trends of N-cyclohexyl-2-benzothiazolamine, 2-(4-morpholinyl)
benzothiazole, and other anthropogenic contaminants in the urban
reservoir sediment core. Environmental Science and Technology,
34(2), pp.246-253. https://doi.org/10.1021/es990738k

Kwak, J., Lee, S. and Lee, S., (2014). On-road and laboratory investi-
gations on non-exhaust ultrafine particles from the interaction
between the tire and road pavement under braking conditions. At-
mospheric Environment, 97, pp.195-205. https://doi.org/10.1016/j.
atmosenv.2014.08.014

LaPlaca, S.B. and van den Hurk, P, (2022). Accumulation of mciroplas-
tic and microrubber particles in stormwater pond fish and inverte-
brates. bioRxiv. https://doi.org/10.1101/2022.03.03.482888

Lee, H., Ju, M. and Kim, Y., (2020). Estimation of emission of tire wear
particles (TWPs) in Korea. Waste Management, 108, pp.154-159.
https://doi.org/10.1016/j.wasman.2020.04.037

Lee, S., Kwak, J., Kim, H. and Lee, J., (2013). Properties of roadway
particles from interaction between the tire and road pavement. In-
ternational Journal of Automotive Technology, 14(1), pp.163-173.
https://doi.org/10.1007/s12239-013-0018-y

Z.Tariq et al. / DETRITUS / Volume 29 - 2024 / pages 27-41

39



Liy, Y., Chen, H., Li, Y., Gao, J., Dave, K., Chen, J., Li, T. and Tu, R., (2022).
Exhaust and non-exhaust emissions from conventional and elec-
tric vehicles: A comparison of monetary impact values. Journal
of Cleaner Production, 331, p.129965. https://doi.org/10.1016/j.
jclepro.2021.129965

Lubura, J., Koji¢, P, Pavli¢evi¢, J., Ikoni¢, B., Balaban, D. and Bera,
0., (2023). A Novel Approach for Simulation and Optimization
of Rubber Vulcanization. Polymers, 15(7), p.1750. https://doi.
org/10.3390/polym15071750

Luo, Z., Zhou, X., Sy, Y., Wang, H., Yy, R., Zhou, S., Xu, E.G. and Xing,
B., (2021). Environmental occurrence, fate, impact, and potential
solution of tire microplastics: Similarities and differences with tire
wear particles. Science of the Total Environment, 795, pp.148902.
https://doi.org/10.1016/j.scitotenv.2021.148902

Luongo, G., Avagyan, R., Hongyu, R. and Ostman, C., (2016). The wash-
out effect during laundry on benzothiazole, benzotriazole, quino-
line, and their derivatives in clothing textiles. Environmental Sci-
ence and Pollution Research, 23(3), pp.2537-2548. https://doi.
org/10.1007/s11356-015-5405-7

Markovi¢, G., Marinovi¢-Cincovi¢, M., Samarzija-Jovanovi¢, S., Jova-
novi¢, V. and Budinski-Simendi¢, J., (2020). ‘Crosslinking of
polymers: rubber vulcanization: Reactive and Functional Poly-
mers Volume Two. Argentina: Springer, pp.117-134. https://doi.
org/10.1007/978-3-030-45135-6_1

Marwood, C., McAtee, B., Kreider, M., Ogle, R.S., Finley, B., Sweet, L. and
Panko, J., (2011). Acute aquatic toxicity of tire and road wear parti-
cles to alga, daphnid, and fish. Ecotoxicology, 20(8), pp.2079-2089.
https://doi.org/10.1007/s10646-011-0750-x

Mathissen, M., Scheer, V., Vogt, R. and Benter, T,, (2011). Investigation
on the potential generation of ultrafine particles from the tire—
road interface. Atmospheric Environment, 45(34), pp.6172-6179.
https://doi.org/10.1016/j.atmosenv.2011.08.032

Mattonai, M., Nacci, T. and Modugno, F, (2022). Analytical strategies
for the quali-quantitation of tire and road wear particles—-A criti-
cal review. TrAC Trends in Analytical Chemistry, 154, pp.116650.
https://doi.org/10.1016/j.trac.2022.116650

Mavukwana, A.E. and Sempuga, C., (2022). Recent developments in
waste tyre pyrolysis and gasification processes. Chemical Engi-
neering Communications, 209(4), pp.485-511. https://doi.org/10.
1080/00986445.2020.1864624

Mayer, P. M., Moran, K. D., Miller, E. L., Brander, S. M., Harper, S., Gar-
cia-Jaramillo, M & Mendez, M. (2024). Where the rubber meets
the road: Emerging environmental impacts of Tire Wear particles
and their chemical cocktails. Science of the Total Environment,
171153. https://doi.org/10.1016/j.scitotenv.2024.171153

Mennekes, D. and Nowack, B., (2022). Tire wear particle emissions:
Measurement data where are you? Science of The Total En-
vironment, 830, pp.154655. https://doi.org/10.1016/j.scito-
tenv.2022.154655

Milani, M., Pucillo, F.P, Ballerini, M., Camatini, M., Gualtieri, M. and Mar-
tino, S., 2004. First evidence of tyre debris characterization at the
nanoscale by focused ion beam. Materials Characterization, 52(4-
5), pp.283-288. https://doi.org/10.1016/j.matchar.2004.06.001

Miller, J.V., Chan, K. and Unice, K.M., (2022). Evaluation of three py-
rolyzer technologies for quantitative pyrolysis-gas chromatogra-
phy-mass spectrometry (Py-GC-MS) of tire tread polymer in an
artificial sediment matrix. Environmental Advances, 8, p.100213.
https://doi.org/10.1016/j.envadv.2022.100213

More, S.L., Miller, J.V., Thornton, S.A., Chan, K., Barber, T.R. and Unice,
K.M., (2023). Refinement of a microfurnace pyrolysis-GC-MS
method for quantification of tire and road wear particles (TRWP)
in sediment and solid matrices. Science of the Total Environment,
874, p.162305. https://doi.org/10.1016/j.scitotenv.2023.162305

Midiller, A., Kocher, B., Altmann, K. and Braun, U., (2022). Determination
of tire wear markers in soil samples and their distribution in a road-
side soil. Chemosphere, 294, p.133653. https://doi.org/10.1016/j.
chemosphere.2022.133653

Miller, K., Hibner, D., Huppertsberg, S., Knepper, T. P, & Zahn, D.
(2022a). Probing the chemical complexity of tires: Identification of
potential tire-borne water contaminants with high-resolution mass
spectrometry. Science of The Total Environment, 802, 149799.
https://doi.org/10.1016/j.scitotenv.2021.149799

Nopmongcol, U., Grant, J., Knipping, E., Alexander, M., Schurhoff, R.,
Young, D., Jung, J., Shah, T. and Yarwood, G., (2017). Air quality
impacts of electrifying vehicles and equipment across the United
States. Environmental Science & Technology, 51(5), pp.2830-2837.
https://doi.org/10.1021/acs.est.6b04868

Nzila, A., (2018). Current status of the degradation of aliphatic and
aromatic petroleum hydrocarbons by thermophilic microbes and
future perspectives. International Journal of Environmental Re-
search and Public Health, 15(12), p.2782. https://doi.org/10.3390/
ijerph15122782

Ogbunuzor, C., Fransen, L.F.H., Talibi, M., Khan, Z., Dalzell, A., Laycock,
A., Southern, D., Eveleigh, A., Ladommatos, N., Hellier, P. and Leon-
ard, M.0O., (2023). Biodiesel exhaust particle airway toxicity and
the role of polycyclic aromatic hydrocarbons. Ecotoxicology and
Environmental Safety, 259, p.115013. https://doi.org/10.1016/j.
ecoenv.2023.115013

O’Loughlin, D.P, Haugen, M.J., Day, J., Brown, A.S., Braysher, E.C.,
Molden, N., Willis, A.E., MacFarlane, M. and Boies, A.M., (2023).
Multi-element Analysis of Tyre Rubber for Metal Tracers. Environ-
ment International, 178(1), p.108047. https://doi.org/10.2166/
wst.2024.003

Page, M.J., McKenzie, J.E., Bossuyt, PM., Boutron, I., Hoffmann, T.C.,
Mulrow, C.D., Shamseer, L., Tetzlaff, J.M., Akl, E.A., Brennan, S.E.
and Chou, R, (2021). The PRISMA 2020 statement: an updated
guideline for reporting systematic reviews. International Journal of
Surgery, 88, p.105906. https://doi.org/10.1016/j.ijsu.2021.105906

Park, I., Kim, H. and Lee, S., (2018). Characteristics of tire wear par-
ticles generated in a laboratory simulation of tire/road contact
conditions. Journal of Aerosol Science, 124, pp.30-40. https://doi.
org/10.1016/j.jaerosci.2018.07.005

Park, I., Lee, J. and Lee, S., (2017). Laboratory study of the generation
of nanoparticles from tire tread. Aerosol Science and Technology,
51(2), pp.188-197. https://doi.org/10.1080/02786826.2016.1248
757

Parker, B.W., Beckingham, B.A., Ingram, B.C., Ballenger, J.C., Weinstein,
J.E. and Sancho, G., (2020). Microplastic and tire wear particle
occurrence in fishes from an urban estuary: Influence of feeding
characteristics on exposure risk. Marine Pollution Bulletin, 160,
pp.111539. https://doi.org/10.1016/j.marpolbul.2020.111539

Parker-Jurd, F.N., Napper, |.E., Abbott, G.D.,Hann, S. and Thompson,R.C.,
(2021). Quantifying the release of tyre wear particles to the marine
environment via multiple pathways. Marine Pollution Bulletin, 172,
pp.112897. https://doi.org/10.1016/j.marpolbul.2021.112897

Peter, K.T., Tian, Z., Wy, C., Lin, P, White, S., Du, B., Mcintyre, J.K,, Scholz,
N.L. and Kolodziej, E.P, (2018). Using high-resolution mass spec-
trometry to identify organic contaminants linked to urban storm-
water mortality syndrome in coho salmon. Environmental Science
and Technology, 52(18), pp.10317-10327. https://doi.org/10.1021/
acs.est.8b03287

Pohrt, R., (2019). Tire wear particle hot spots—review of influencing
factors. Facta Universitatis, Series: Mechanical Engineering, 17(1),
pp.17-27. https://doi.org/10.22190/FUME190104013P

Rahimi, M., Bortoluzzi, D. and Wahlstrém, J., (2021). Input parameters
for airborne brake wear emission simulations: a comprehensive
review. Atmosphere, 12(7), p.871. https://doi.org/10.3390/at-
mos12070871

Rausch, J., Jaramillo-Vogel, D., Perseguers, S., Schnidrig, N., Grobéty, B.
and Yajan, P, (2022). Automated identification and quantification
of tire wear particles (TWP) in airborne dust: SEM/EDX single par-
ticle analysis coupled to a machine learning classifier. Science of
The Total Environment, 803, p.149832. https://doi.org/10.1016/j.
scitotenv.2021.149832

Reddy, C.M. and Quinn, J.G., (1997). Environmental chemistry of ben-
zothiazoles derived from rubber. Environmental science and tech-
nology, 31(10), pp.2847-2853. https://doi.org/10.1021/es9700780

Rodgers, B. and Waddell, W., (2005). The science of rubber compound-
ing: The Science and Technology of Rubber. 3 ed. Houston:
Brendan Rodgers and Walter Waddell, pp. 401-454. https://doi.
org/10.1016/B978-012464786-2/50012-2

Rogge, W.F,, Hildemann, L.M., Mazurek, M.A., Cass, G.R. and Simoneit,
B.R., (1993). Sources of fine organic aerosol. 3. Road dust, tire de-
bris, and organometallic brake lining dust: roads as sources and
sinks. Environmental Science and Technology, 27(9), pp.1892-
1904. https://doi.org/10.1021/es00046a019

Redland, E.S,, Lind, O.C., Reid, M., Heier, L.S., Skogsberg, E., Snilsberg,
B., Gryteselv, D. and Meland, S., (2022). Characterization of Tire
and Road Wear Microplastic Particle Contamination in a Road
Tunnel: From Surface to Release. Journal of Hazardous Materials,
435, pp.129032. https://doi.org/10.1016/j.jhazmat.2022.129032

40

Z.Tariq et al. / DETRITUS / Volume 29 - 2024 / pages 27-41



Saito, T., (1989). Determination of styrene-butadiene and isoprene tire
tread rubbers in piled particulate matter. Journal of Analytical and
Applied Pyrolysis, 15, pp.227-235. https://doi.org/10.1016/0165-
2370(89)85036-3

Seiwert, B., Nihemaiti, M., Troussier, M., Weyrauch, S., & Reemtsma, T.
(2022). Abiotic oxidative transformation of 6-PPD and 6-PPD qui-
none from tires and occurrence of their products in snow from ur-
ban roads and in municipal wastewater. Water Research, 212, pp.
118122. https://doi.org/10.1016/j.watres.2022.118122

Sharj-Sharifi, M., Taghvaei-Ganjali, S. and Motiee, F.,, (2020). The effect
of protecting waxes on staining antidegradant performance in tyre
sidewall formulation. Journal of Rubber Research, 23, pp.111-124.
https://doi.org/10.1007/s42464-020-00042-y

Sharma, M., (2010). Polycyclic aromatic hydrocarbons, elemental and
organic carbon emissions from tire-wear. Science of the Total En-
vironment, 408(20), pp.4563-4568. https://doi.org/10.1016/].sci-
totenv.2010.06.011

Sibeko, M.A., Adeniji, A.0., Okoh, 0.0. and Hlangothi, S.P, (2020).
Trends in the management of waste tyres and recent experimental
approaches in the analysis of polycyclic aromatic hydrocarbons
(PAHSs) from rubber crumbs. Environmental Science and Pollution
Research, 27, pp.43553-43568. https://doi.org/10.1007/s11356-
020-09703-2

Sommer, F,, Dietze, V., Baum, A., Sauer, J., Gilge, S., Maschowski, C. and
Gieré, R., (2018). Tire abrasion as a major source of microplas-
tics in the environment. Aerosol and Air Quality Research, 18(8),
pp.2014-2028. https://doi.org/10.4209/aaqr.2018.03.0099

Timmers, V.R. and Achten, PA., (2016). Corrigendum to” Non-exhaust
PM emissions from electric vehicles”. Atmospheric Environment,
147, pp.492-492. https://doi.org/10.1016/j.atmosenv.2016.03.017

Unice, K.M., Weeber, M.P, Abramson, M.M., Reid, R.C.D., van Gils,
J.A.G., Markus, A.A., Vethaak, A.D. and Panko, J.M., (2019). Char-
acterizing export of land-based microplastics to the estuary-Part I:
Application of integrated geospatial microplastic transport mod-
els to assess tire and road wear particles in the Seine watershed.
Science of the Total Environment, 646, pp.1639-1649. https://doi.
org/10.1016/j.scitotenv.2018.07.368

Unice, K.M.,, Bare, J.L., Kreider, M.L. and Panko, J.M., (2015). Experi-
mental methodology for assessing the environmental fate of
organic chemicals in polymer matrices using column leaching
studies and OECD 308 water/sediment systems: application to tire
and road wear particles. Science of the Total Environment, 533,
pp.476-487. https://doi.org/10.1016/j.scitotenv.2015.06.053

Unice, K.M., Kreider, M.L. and Panko, J.M., (2013). Comparison of tire
and road wear particle concentrations in sediment for watersheds
in France, Japan, and the United States by quantitative pyrolysis
GC/MS analysis. Environmental Science and Technology, 47(15),
pp.8138-8147. https://doi.org/10.1021/es400871j

Varshney, S., Gora, A.H., Siriyappagouder, P, Kiron, V. and Olsvik, PA,,
(2022). Toxicological effects of 6PPD and 6PPD quinone in zebraf-
ish larvae. Journal of Hazardous Materials, 424, p.127623. https://
doi.org/10.1016/j.jhazmat.2021.127623

Venkatachalam, P, Jayashree, R., Rekha, K., Sushmakumari, S., Sobha,
S., Jayasree, PK,, Kala, R.G. and Thulaseedharan, A., (2007). Rub-
ber Tree (Hevea brasiliensis Muell. Arg). Agrobacterium Protocols,
2, pp.153-164. https://doi.org/10.1385/1-59745-131-2:153

Verschoor, A., De Poorter, L., Droge, R., Kuenen, J. and de Valk, E.,
(2016). Emission of microplastics and potential mitigation meas-
ures: Abrasive cleaning agents, paints and tyre wear. Netherlands:
National Institute for Public Health and the Environment. https://
www.rivm.nl/bibliotheek/rapporten/2016-0026

Viayna, A., Ghashghaei, O., Vilchez, D., Estarellas, C., Lopez, M.,
Gomez-Catalan, J., Lavilla, R., Delgado, J. and Luque, F.J., (2021).
Holistic approach to anti-knock agents: A high-throughput screen-
ing of aniline-like compounds. Fuel, 305, p.121518. https://doi.
org/10.1016/j.fuel.2021.121518

Vulimiri, S.V., Pratt, M.M., Kulkarni, S., Beedanagari, S. and Mahadevan,
B., (2017). Reproductive and developmental toxicity of solvents
and gases: In Reproductive and Developmental Toxicology. 2
ed. London: Elsevier, pp. 379-396. https://doi.org/10.1016/B978-
0-12-804239-7.00021-4

Wagner, S., Hiiffer, T., Kléckner, P, Wehrhahn, M., Hofmann, T. and
Reemtsma, T, (2018). Tire wear particles in the aquatic environ-
ment-a review on generation, analysis, occurrence, fate and ef-
fects. Water Research, 139, pp.83-100. https://doi.org/10.1016/j.
watres.2018.03.051

Wagner, S., Klockner, P. and Reemtsma, T., (2022). Aging of tire and road
wear particles in terrestrial and freshwater environments—a review
on processes, testing, analysis and impact. Chemosphere, 288,
p.132467. https://doi.org/10.1016/j.chemosphere.2021.132467

Wang, C., Li, D, Zhai, T,, Wang, H., Sun, Q. and Li, H., (2019). Direct
conversion of waste tires into three-dimensional graphene. Ener-
gy Storage Materials, 23, pp.499-507. https://doi.org/10.1016/j.
ensm.2019.04.014

Wang, J., Zhang, L., Duan, L. and Gao, R.X., (2017). A new paradigm of
cloud-based predictive maintenance for intelligent manufacturing.
Journal of Intelligent Manufacturing, 28, pp.1125-1137. http://doi.
org/10.1007/s10845-015-1066-0

Wang, L., Asimakopoulos, A.G., Moon, H.B., Nakata, H. and Kannan,
K., (2013). Benzotriazole, benzothiazole, and benzophenone
compounds in indoor dust from the United States and East Asian
countries. Environmental Science and Technology, 47(9), pp.4752-
4759. https://doi.org/10.1021/es305000d

Watterson, A., (2017). Artificial turf: contested terrains for precaution-
ary public health with particular reference to Europe. Internation-
al Journal of Environmental Research and Public Health, 14(9),
pp.1050. https://doi.org/10.3390/ijerph14091050

Way, C., Hudson, M.D., Williams, I.D. and Langley, G.J., (2022). Evidence
of underestimation in microplastic research: a meta-analysis
of recovery rate studies. Science of the Total Environment, 805,
p.150227. https://doi.org/10.1016/j.scitotenv.2021.150227

Weyrauch, S., Seiwert, B., Voll, M., Wagner, S. and Reemtsma, T,, (2023).
Accelerated aging of tire and road wear particles by elevated tem-
perature, artificial sunlight and mechanical stress—A laboratory
study on particle properties, extractables and leachables. Science
of the Total Environment, 904, p.166679. https://doi.org/10.1016/j.
scitotenv.2023.166679

Wightwick, A., Walters, R., Allinson, G., Reichman, S. and Menzies,
N., (2010). Environmental risks of fungicides used in horticultur-
al production systems. Fungicides, 1, pp.273-304. http://dx.doi.
org/10.5772/13032

Wik, A. and Dave, G., (2009). Occurrence and effects of tire wear par-
ticles in the environment — A critical review and an initial risk as-
sessment. Environmental Pollution, 157(1), pp.1-11. https:/doi.
org/10.1016/j.envpol.2008.09.028

Yan, H., Zhang, L., Liu, L. and Wen, S., (2021). Investigation of the exter-
nal conditions and material compositions affecting the formation
mechanism and size distribution of tire wear particles. Atmos-
pheric Environment, 244, p.118018. https://doi.org/10.1016/j.atm-
0senv.2020.118018

Yang, K., Jing, S., Liy, Y., Zhou, H., Liu, Y,, Yan, M., Yi, X. and Liu, R,
(2022). Acute toxicity of tire wear particles, leachates and toxic-
ity identification evaluation of leachates to the marine copepod,
Tigriopus japonicus. Chemosphere, 297, pp.134099. https://doi.
org/10.1016/j.chemosphere.2022.134099

Yao, Q., Shi, J., Han, X,, Tian, S., Huang, J., Li, Y. and Ning, P, (2024).
Emissions of polycyclic aromatic hydrocarbons in PM2. 5 emit-
ted from motor vehicles exhaust (PAHs-PM2. 5-MVE) under the
plateau with low oxygen content. Atmospheric Environment, 321,
p.120364.https://doi.org/10.1016/j.atmosenv.2024.120364

Zhang, H.Y., Huang, Z., Liu, Y.H., Hu, L.X,, He, L.Y,, Liu, Y.S., Zhao, J.L.
and Ying, G.G., (2023). Occurrence and risks of 23 tire additives
and their transformation products in an urban water system. En-
vironment International, 171, p.107715. https://doi.org/10.1016/j.
envint.2022.107715

Zhang, J., Zhang, X., Wy, L., Wang, T,, Zhao, J., Zhang, Y., Men, Z. and
Mao, H., (2018). Occurrence of benzothiazole and its derivates in
tire wear, road dust, and roadside soil. Chemosphere, 201, pp.310-
317. https://doi.org/10.1016/j.chemosphere.2018.03.007

Zhao, H.N., Hu, X,, Tian, Z., Gonzalez, M., Rideout, C.A., Peter, K.T.,
Dodd, M.C. and Kolodziej, E.P, (2023). Transformation Products
of Tire Rubber Antioxidant 6PPD in Heterogeneous Gas-Phase
Ozonation: Identification and Environmental Occurrence. Environ-
mental Science & Technology, 57(14), pp.5621-5632. https://doi.
org/10.1021/acs.est.2c08690

Zhovu, Y., Yixi, L., Kong, Q., Peng, J., Pan, Y, Qiu, J. and Yang, X,
(2023). Sunlight-induced transformation of tire rubber antioxi-
dant N-(1, 3-dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD)
to 6PPD-quinone in water. Environmental Science & Technolo-
gy Letters, 10(9), pp.798-803. https://doi.org/10.1021/acs.es-
tlett.3c00499

Z.Tariq et al. / DETRITUS / Volume 29 - 2024 / pages 27-41

41



[ ]
Multidisciplinary Journal for
Circular Economy and Sustainable
Management of Residues

I

CISA

CASE REPORT: MUNICIPAL SOLID WASTE TREATMENT AND
ENERGY RECOVERY FOR ALTERNATIVE FUEL PURPOSE IN

GERMANY

Erica Guerreiro '*, Hubert Baier 2, Kai Miinnich 3 and André Felipe Simdes

! University of Sdo Paulo, av. Prof. Luciano Gualberto 1289, Sdo Paulo, 05508-900, Brazil

2 White Label-Tandem Projects, Miinster, Germany

% Department of Waste and Resource Management, Leichtweiss Institute, TU Braunschweig University, Braunschweig, Germany

Article Info:
Received:

3 April 2024
Revised:

1 August 2024
Accepted:

2 September 2024
Available online:
10 October 2024

Keywords:
Waste-to-energy
Alternative fuel
Waste treatment
Solid recovered fuel
Energy recovery

ABSTRACT

This present case report aimed to analyze the waste sector in Germany regarding
the pre-processed municipal solid waste (MSW) application for alternative fuel pur-
poses, whose monitoring and specification of performance parameters are aligned
with environmental and regulatory requirements, in order to obey emission limits
and ensure the quality standards. Therefore, unlike other studies in the literature, it
was made the correct differentiation about the denomination of alternative fuels in
terms of their final quality, since this is directly related to the type of equipment and
technology to be applied. It was observed that the lighter fractions (< 25 mm) of
pre-processed waste are the most desirable for the high grade SRF (Solid Recovered
Fuel) purposes in cement kilns, because they have less potential for contamination
and can achieve higher calorific value and also. While the heavier fractions (< 80-
100mm) are used as RDF (Refuse Derived Fuel) to denote the alternative fuel with
lower burning performance. Besides, it was found that this successful performance
in Germany was achieved in a long-term evolutionary process based on technologi-
cal development, stricter legislation, educational actions, and cooperation between

industries and society.

1. INTRODUCTION

Germany is known worldwide as a technological refer-
ence in the waste sector, however, this good performance
was built on a progressive process of implementing safety
measures over the years, since the late 1980s, such as the
prohibition of waste disposal in landfills without treatment,
the reinforcement of mechanical-biological treatment, and
stricted emission limits. In addition, the proper functioning
of the entire waste chain happens because of the align-
ment of the roles played by each sub-sector, which act in
synergy and cooperation, from the consumer to the indus-
tries. Thus, the concept of circular economy, by the intro-
duction of a more sustainable proposal of conscious con-
sumption of energy and natural resources to the society, as
well as the attribution to producers of the responsibility for
products from their manufacture to their disposal by the
polluter-pays principle.

This study presents an extensive overview over the
most successful practices of municipal solid waste treat-
ment and energy recovery in Germany. It is based on a qual-
itative approach, whose primary data was obtained by an
operator survey that was carried out for the main facilities

in the country, while secondary data was obtained from lit-
erature sources and official data. In terms of methodology,
a survey was first carried out regarding the main official
data on the subject, and it was added secondary data from
scientific articles. In addition, in order to provide new rele-
vant information to the research, technical visits were made
to six large facilities known in Germany for their excellence
in quality, which technical data was provided by operators.

2. WASTE POLICY IN GERMANY

By the end of the 1980s, waste management in Germa-
ny was facing the following problems:

Strong increasing of waste volumes;

Large number of uncontrolled landfills with risk of con-
tamination;

Lack of available volume for disposal in sanitary land-
fills;

Low standards for emissions avoidance (landfill gas
and ground water pollution);

Low capacities for recycling and municipal waste incin-
eration.
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Therefore, it was urgently recognized the need of safety
measures (such as emission limits for incineration activi-
ty), followed by the implementation of an efficient manage-
ment that would lead to waste reduction and recovery, and
therefore producers will become responsible according to
the polluter-pays principle from production to waste dis-
posal (BMUV, 2023).

Figure 1 shows the main measures adopted in Germa-
ny from 1991 to 2012, which contributed to the implemen-
tation of the circular economy concept in the country. Thus,
the Packaging Ordinance was established in 1991 in order
to assign the packaging return obligation to the producer,
which was extended in 1996 by the ‘Closed Substance Cy-
cle and Waste Management Act’ and replaced in 2012 by
the Circular Economy Act. Another important milestone
in the sector was the encouragement of mechanical-bio-
logical treatment and also incineration with the ending of
untreated waste disposal in 2005, which was arranged by
the Waste Disposal Ordinance in 2001 and was later incor-
porated into the Landfill Ordinance in 2009.

The Circular Economy Law is another important mile-
stone in waste valorization, aiming to extend the life cycle
of products and avoid waste generation, in order to keep
materials inside the chain by recycling (European Parlia-
ment, 2023). Thus, while in the traditional linear model the
products become obsolete and are replaced more quickly,
the concept of circular economy introduces a more sus-
tainable proposal regarding a conscious consumption of
energy and natural resources, and consequently, lower
emissions. Circular economy strategies are based on three
aspects: eliminating waste, recirculating materials, and
regenerating ecosystems; and can be used to combat cli-
mate change by transforming recycling solid waste into cir-
culating materials and also, reducing waste disposal and
eliminating greenhouse gas emissions with the increasing
of the entire product life cycle and resulting in long-term
sustainability benefits, such as the efficient use of natural
resources, smaller carbon footprint and food waste reduc-
tion (Yang et al., 2023).

New plans have been adopted by the European Par-
liament through the implementation of compulsory goals
and strict rules in order to accelerate the transition to a
low-carbon economy, such as measures related to waste
generation reduction, packaging reuse and biodegradable
raw materials.

The European Waste Framework Directive 2006/12/
EC (EC, 2006) of the European Parliament and the Council
of the European Union, which was updated in 2008 by the

| I |

Directive 2008/98/EC (EC, 2008), establishes the waste re-
use and recovery through the concept of hierarchy concept,
which follows the order of prevention, reuse, recycling, en-
ergy recovery and disposal, and also, aims to prevent from
negative impacts on the environment by establishing the
obligation of waste treatment.

In Germany, the prohibition of the final disposal of
waste without prior treatment in landfills in 2005 led to
an increase in plants for mechanical biological treatment
(MBT) and MSW incineration, as well as a growth in re-
cycling and selective collection efforts. It is necessary to
mention that such results were achieved in Germany from
the awareness of companies and the population through
the adoption of educational measures, both regulatory
and enforcement, as well as the application of strict fines
in case of noncompliance with the laws, which have been
implemented and improved during the years. It is also im-
portant to understand that the successful performance of
the waste sector in Germany was built from a progressive
process over the years and the entire system works be-
cause of the alignment of each sector roles, which have
been acting in synergy in a cooperation chain from the con-
sumers to the industries. The municipal solid waste (MSW)
separation is a successful practice that is initially done at
the generating source, i.e., in the households themselves,
through segregated waste bins by four types: recyclables
(such as metal, plastic and packaging), paper and card-
board, compostable/biodegradable organic waste, and re-
sidual materials.According to the Global Waste Index (Sen-
soneo, 2022), Germany recycles 47.8% of the total waste
produced and is in third place in terms of waste manage-
ment regarding recycling (302kg per capita), incineration
(204kg per capita), landfill (5 kg per capita) and waste pro-
duction (632 kg per capita), after South Korea (st place)
and Denmark (2nd place).

Organics represents 30-40% of the municipal waste vol-
ume in Germany and have been collected separately since
2015 through the ‘Biotonne, playing an important role in
the circular economy by aligning recycling with the segre-
gation of green (yard trimmings) and food wastes for com-
posting and/or energy production by fermentation (BMUYV,
2020). Although the separation of organics is mandatory
and established by legislation, exceptionally in some mu-
nicipalities this still does not happen. Regarding the elec-
tronic waste, batteries, textiles, lamps and glass, as well
as for construction and demolition waste, there are special
collection systems (collection and/or delivery) under the
responsibility of the municipality.

1991 1996 2001
Packaging The Closed Waste
Ordinance Substance Deposition

Cycle and Ordinance
Waste

I [ [

2005 2009 2012
Ending of Landfill Circular
Untreated Ordinance  Economy Act

Waste Disposal

FIGURE 1: Main measures implemented in Germany’s waste sector from 1991 to 2012. Source: Elaborated from information available on

BMUV (2023).
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TABLE 1: Waste balance in Germany in 2020. Source: Destatis, 2022.

Disposal Operations

Recovery Operations

Waste (1,000 tons) (1,000 tons) Recovery
Waste Type Generation Rate
(1,000 tons) Landfilling Incineration Treatment for Energy Recycling (%)
Disposal Recovery
Municipal Solid
Waste (MSW) 50,993 209 365 521 15,518 34,379 98

The mandatory deposit collection system for cans and
bottles was first introduced in Germany through the Pack-
aging Ordinance in 1991 for disposable packaging, and
was later adapted and implemented in 2003 with the aim
of increasing the recycling rate in the country. The regula-
tion involved much resistance from large beverage produc-
ers due to the high cost of investment in reverse logistics
machinery, as well as, it was also met with annoyance by
consumers due to the absence of a uniformly regulated
return system (Tagesschau, 2015). The return system for
beverage packaging involves the payment of a deposit
(from German, ‘Pfand’) whose value can vary from 8 to
25 euro cents, depending on the type of use (single and/
or reusable), which is later returned to the consumer when
the material is returned, in which, in general, the deposit
value for glass bottles equivalent to 8 cents, PET bottles
equivalent to 25 cents, while single-use containers (used
only once before recycling) equivalent to 25 cents (Ruiz &
Cwienk, 2021).

Each consumer is responsible for his own waste, and
therefore, such initiatives of separating materials in bins
and collection points, although seem to play a small role,
are extremely relevant to the functioning of the entire sys-
tem by reinforcing the recycling activity and preserving the
circular economy.

3. BRIEF OVERVIEW OF MUNICIPAL SOLID
WASTE TREATMENT AND MANAGEMENT IN
GERMANY

which organics, recyclables and high-calorific fraction from
household and commercial origins are separated, recycled
and co-incinerated (in case of no recycling potential) in
coal-fired power plants or thermal production industries
such as lime, cement and WtE (Waste-to-Energy) plants.
The waste transformation into alternative fuel is shown in
Figure 2. Table 2 lists the number of facilities for the main
waste treatments in Germany in 2021.

Germany’s thermal treatment facilities follow the
standards of the European Directive 2010/75/EC (EC,
2010), whose incineration and co-incineration activities
were first regulated for small and medium combustion
units by the Federal Emission Control Act (BGBI, 2010),
which was updated in 2019, and subsequently, extended
to all facilities from the Ordinance on the Incineration and
Co-incineration of Waste (BGBI, 2013). The contribution of
energy from waste in Germany represents approximately
3.7% of final energy consumption, with most of the energy
supply from waste is provided by incineration plants, along
with RDF power plants (WEBER et al., 2020). According to
Statista (2024), Germany had the greatest installed capac-
ity of energy from municipal waste in Europe in 2023, of
approximately 1,023MW, followed by the United Kingdom
(773 MW), France (625MW) and Italy (396MW).

According to The Federal Ministry for the Environment,
Nature Conservation, Nuclear Safety and Consumer Pro-

TABLE 2: Main waste treatment facilities in Germany. Source:
Adapted from Destatis, 2021.

. I . Number of ~ Waste Input
According to the German Federal Statistical Office Facility Type Fl:;h:L: (1?0503 t';':;)
(Destatis, 20.2.2), it was generatgd an amount of SQ million Thermal Waste Treatment Facility 155 254936
tons of Municipal Solid Waste in 2020, as shown in Table : o
1, and regarding the Federal Ministry for the Environment, Combustion Facility with Energy Recovery 481 22.088,9
Nature Conservation, Nuclear Safety and Consumer Pro- Physical-Chemical Treatment Facility 390 7.711,6
tection (BMUV, 2023), there are 15,000 waste treatment fa- Biological Treatment Facility 1.190 16.132,0
cilities in Germany and an estimated turnover of 80 billion Mechanical-Biological Treatment Facility 50 3.501.2
euros in the.wastg mapagement sectgr. o Sorting Facility 957 246736
Mechanical-biological treatment is one of the princi- |
ples of waste management in Germany (UBA, 2015b), in Tota 4222 139,747.3
Biological
and/or Thermal
Mechanical Treatment
Treatment
Solid waste with
Medium-High Alternative Fuel :> Power Plant
Calorific Value

FIGURE 2: Simple scheme of solid waste transformation of medium to high calorific residues into alternative fuel.
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tection (BMUV), waste is incinerated in 155 facilities in
Germany, whose total incinerated waste in 2020 was 25
million tons. In these facilities the generation of heat and
electricity (combined heat and power generation (CHP) or
at least only electricity is mandatory. After the separation
of metals (circa 10%) and impurities (inert and unburnt ma-
terials) about 95% of the remaining bottom ashes (slags)
are reused as a raw material in further processes, in par-
ticular in the road construction area. The residues from flue

ALBA (located in Braunschweig) — waste sorting and

recycling;

KAVG in Pohlsche Heide (located in the district of Min-
den-Liibbecke) — mechanical biological treatment of
waste and biodrying;

TABLE 3: Power plants in Germany. Source: UBA, 2015a.

Power Plants in Operation

gas cleaning are recycled or deposited in special landfills Name Location ?Gza::‘]’
for hazardous waste. Grate fired incineration is the most EBSKW Bermbur 00000
. .y - u A
commonly technology in Germany, although fluidized bed J
combustion is also available, while hazardous waste incin- EBS-KW Eisenhiittenstadt 340,000
eration is carried out exclusively in special licensed plants EBS-KW Huirth-Knapsack 300,000
(BMUV, 2021). KW Gliickstadt 270,000
According to the German Fedgr.a.l Enylronmeqtal Agen- MHKW Heringen 270,000
cy (UBA, 2015a), there are 29 facilities in operation and 2 :
. . . . HKW Witzenhausen 270,000
others in construction, as shown in Table 3, with an annual
capacity of 4.7 million tons from medium to high calorific HKW Schwedt 250,000
waste. EBS-KW GroRraschen 240,000
According to the CEN/TS 15359 specification from HKW Rostock 230,000
the European Standardization Commission (CEN, 2006), KW Riidersdorf 226,000
non-hazardous waste can be pre-processed and used as
. Lo MKK Bremen 226,000
alternative fuels for energy recovery purposes in incinera-
tors, lime and cement industries. In the past, five classes EVE Premnitz 150,000
tried to classify, according to the parameters of net calorif- TEV Neumiinster 150,000
ic value (NCV), chlorine content (Cl) and mercury content DZ Weener 140,000
(Hg), as showp in Table 4. IHKW Andernach 114,000
This classification doesn't allow to re-declare waste as - Bivtorfold 110000
. L. . itterfe ,
a product and define it for the authorities. In reality, each al-
ternative fuel must be adapted to the respective production IKw Premnitz 100,000
needs and is subject to the waste legislation and air pollu- HKW Stavenhagen 90,000
tion control measures equal to waste incineration plants HKW Hagenow 80,000
- |nclyd|ng power plant anq cement |ndustr¥. . THKW Korbach 70,000
With regard to the specification, both emission-relevant
. R R HKW Gersthofen 70,000
parameters (volatile until non-volatile dust bound heavy
metals) and performance parameters such as calorific HKW Bremen-Blumenthal 66,000
value, residual moisture, chlorine, ash, portion of biomass, TVA Schwarza 60,000
etc. must be agreed prior and monitored during condition- KW Amsdorf 60,000
ing and use. IKW Amsdorf 60,000
HKW Meuselwitz 50,000
4. RESULTS AND DISCUSSION
HKW Minden 40,000
.F.o.r th.e purpose of this case report,. visits of the mqln EVA Eeson 26,000
facilities in Germany have been made in order to identify .
. X . TREA GieRBen 25,000
the main technological practices of waste treatment and
energy recovery: Power Plants in Construction
] ) ) ) EBS-KW Frankfurt Hoe 675,000
+ ALBA (located in Berlin) — pre-processing of waste with
. . el HKW Brunsbiittel 165,000
physical-mechanical stabilization;
TABLE 4: Classification of Alternative Fuels from waste. Source: CEN, 2006.
Statistical Classes
Parameters M
easures 1 2 3 4 5
Net Calorific Value Median 225 220 215 =10 =3
Chlorine Content Median <0,2 <0,6 <1,0 <1,5 <3
Median <0,02 <0,03 <0,08 <0,15 <0,05
Mercury Content
80 Percentile <0,04 <0,06 <0,16 <0,30 <1,00
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AR.T. (located in the village of Mertesdorf) — mechani-
cal biological treatment of waste with biodrying;

« MBA ECOWEST (located in Ennigerloh) — pre-process-
ing of waste to customized alternative fuels with bio-
drying and natural gas drying;

+ HOLCIM Cement Plant (located in Beckum) — applies
customized SRF via kiln end burner — one example of
co-processing in the cement industry.

It must be emphasized that the financing is covered by
the polluter pays principle, which was introduced for three
reasons: 1) to force the polluter to pay for his large amounts
of waste through high disposal fees, and 2) to make the en-
tire chain from collection to disposal more sustainable and
harmless, 3) an important factor in economy.

It is necessary to emphasize that the operations in the
waste treatment and energy recovery facilities involve ex-
tremely high costs, which are financially viable due to the
payment made by the municipalities from the fees paid
by taxpayers (population) and waste generators (such as
commerce and industry). Thus, the execution of such ac-
tivities would not be feasible if these operations were paid
unilaterally by these facilities.

4.1 Mechanical - Physical Stabilization — operated
by ALBA, located in Reinickendorf

The facility in Reinickendorf (located in Berlin, op-
erated by ALBA) has an annual production capacity of
180,000 tons from two Mechanical-Physical Stabilization
(MPS) systems, in which municipal solid waste is trans-
formed into an alternative fuel to replace fossil fuels in
power plants and industrial facilities (BSR, 2023). The
treatment process involves shredding, sorting (by mate-
rial type and particle size) and drying, as can be seen in
Figure 3.

In the end, the waste is transformed into alternative fuel
with a particle size of less than 30 mm and the majority
part is applied as a fuel in the cement industry while the
other part is used for incineration at the Janschwalde Coal-
Fired Power Plant (located in Brandenburg).

4.2 Waste Sorting — operated by ALBA, located in
Braunschweig

The sorting and waste recovery facility of the compa-
ny ALBA in the city of Braunschweig receives only yellow
bin's waste from household and commercial sources, with
the capacity to recycle up to 50% of all received material,
while the remaining 50% are materials with no recycling po-
tential, which are destined for incineration. The recyclables
(segregated in the yellow bins) are driven by the producer
industry, especially with regard to packaging, and have a
different system than commercial materials and house-
hold waste, since they are still separated at source by con-
sumers, collected and sent to sorting units - supported by
the private sector.

The unit has 72 employees and receives about 120,000
tons/year, whose sorting capacity corresponds to 60,000
tons/year. The operations are distributed over two kilome-
ters of belts, involving the waste sorting (by type and size),
with a view to separating the recyclable from the non-recy-
clable.

Once the waste is placed in the facility’s moving floor,
the packages are opened with a grinder equipment, and
then the recyclables are mechanically sorted by granulom-
etry (respectively from the largest to the smallest: greater
than 300 mm, 300-150 mm, 50-150 mm, 1-50 mm) and by
composition.

Among the recyclables, it is also done the separation of
metals and tetra pak (with presence of aluminum and with-
out aluminum). The ballistic separator is responsible for
the segregation of the lighter residues from the heavy ones,
whose mechanism operates with screening paddles that
move in opposite positions and in an inclined way, allowing
a more optimized classification of the material fractions.
Next, such materials are reallocated to two different belts,
one for receiving materials destined for recycling, while the
other for disposal in incineration. The sequence of such op-
erations is shown in Figure 4.

Additionally, it is done the manual sorting of non-reusa-
ble materials, in order to recover eventual waste with recy-
cling potential and to dispose of only rejects to incineration.

FIGURE 3: (a) material sorting by granulometry; (b) metal separation; (c) crushing; (d) drying. Source: Author’s personal collection, 2023.
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FIGURE 4: Operation flow: (a) waste separation by ballistic separator; (b) reallocation of light and heavy materials on two different belts;
(c) separation of reusable materials for recycling and non-recyclable materials for incineration. Source: Author’s personal collection, 2023.

Although it has been observed an increase in the re-
cycled material rate from 30% to 50% since the beginning
of the activities due to the optimization of the operations,
it is still very difficult to reduce the significant number of
non-recyclables, possibly due to the inadequate material
separation in the source, causing high costs of rejects’ in-
cinerating, which price range is from 50 to 60 euros per ton,
according to ALBA’'s Braunschweig. In addition, it is esti-
mated that 6 to 7% of all incoming material is equivalent to
organic fraction, which is also sent to incineration. At the
end of all the operation flow, the recyclable waste is baled
for transport according to the type of composition, as: (a)
high density polymer; (b) low density polymer; (c) paper; (d)
metal; (e) tetra pak.

One of the problems in the facility is the risk of explo-
sion resulting from Lithium batteries, causing a temporary
interruption of operations from three to six times a day.
Therefore, real-time monitoring is made by heat detection
sensors in order to prevent fire.

4.3 Mechanical Biological Treatment — operated by
KAVG, in Pohlsche Heide

Pohlsche Heide is a waste management center oper-
ated by the public company KAVG, responsible for receiv-
ing residual materials from black bins (residual materials)
from eleven cities and municipalities in the Minden-Liib-
becke district. The facility has about 130 employees and in-
cludes a landfill, two recycling centers, a composting plant
for organic and greens, a biological treatment plant, and a
mechanical biological treatment plant segregated into two
processing lines, being one for household waste, while the
other for commercial waste (KAVG, 2023).

The plant has the capacity to process 300,000 tons of
waste per year, whose treatment steps involve shredding,
size separation and sorting. Magnetic separation is also
performed, distinguishing ferrous and non-ferrous materi-
als, which are destined for a smelting plant. Waste with a
higher calorific value is used as an alternative fuel (HCF

- High Calorific Fraction) for thermal energy purposes in
KAVG's cogeneration Energos plant in Minden, thereby par-
tially replacing fossil fuels (such as gas or coal).

The organic waste is treated in the anaerobic digestion
unit to produce biogas, which is converted into heat and
electricity in the thermal power station and reused for pow-
er generation at the Pohlsche Heide facility itself. The out-
put of this unit is together with the treated non-recyclable
waste disposed of in the landfill.

The facility has the capacity to receive 100,000 tons of
household and commercial waste per year. After receiving
the material, the waste must follow strictly distinct routes,
one for household and another for commercial, since they
involve different fee systems. Thus, in case of losses in the
commercial waste line, for example, it does not cause im-
pacts on the household waste line. Although the maximum
capacity of the facility for the commercial waste route is
40,000 t/year, the unit has been receiving only 14,000 t/
year because of the low price (disposal fee) paid to the in-
cinerators. For the unit that treats commercial waste the
ideal would be to receive approximately 135 euros per ton
of waste, however, it has been paid to the incinerators from
80-90 euros per metric ton of waste. On the other hand,
new investments have been made in the commercial waste
treatment line in order to adapt the techniques and equip-
ment to comply with the standards established in regula-
tions. All the operation costs are financed by disposal fees
(polluter-pay principal), which are proportional to the num-
ber of residents in a household, and also by the industries.

The mechanical biological treatment unit is responsible
for pre-processing the waste higher than 60 mm through
the stages of sorting, grinding, drying, magnetic separation
and ballistic separation, which are destined for incineration
in order to produce steam for the pharmaceutical industry.
The pre-processed residues with a final particle size of 60-
120 mm and a calorific value of 12,000 J (about 2,866 Kcal)
are destined for incineration, of which 35,000 t/year are
destined for a local incinerator in Minden (in a distance of
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15 km) and about 15,000 t/year for an external incinerator.
Approximately 3-5% of the total amount of waste received
are metals, which are separated by magnets into ferrous
and non-ferrous by eddy-current separator, and sold to the
market.

In the aerobic biological treatment process, the waste
below 60 mm is stabilized by bacterias in boxes under a
controlled environment to be later disposed of in the landfill.
While in the anaerobic treatment process, fermentation and
biogas production of the smaller fractions of waste is per-
formed, which is treated and distributed to the gas network.

The inadequate separation of materials by the popula-
tion causes some problems to the facility, such as the high
concentration of plastics due to the packaging of organics
in inappropriate bags and also, the risk of explosion during
the waste shredding process, due to the presence of lithi-
um batteries, which can motivate from two to three weekly
stops in the operations, even if eventually.

It has been a long history until Germany becomes a
world reference in the waste sector, coming from overload-
ed landfills to presenting treatment and energy recovery
facilities. Despite successful recycling activities, landfills
are still needed for the disposal of materials without ther-
mal and recycling potential according to the disposal cri-
teria of the Landfill Ordinance. One of the future goals is
to enable recovery alternatives for such materials without
reuse, so that the numbers of sanitary landfills can be re-
duced furtherly. However, there is a consensus about the
value of such materials and, therefore, the will to return
them, somehow, to the reverse logistics cycle. Even though
there is the practice of waste avoidance and separation in
the source (households), most of such materials are still
destined for incineration, because the infrastructure is still
insufficient for more advanced recycling capacities or be-
cause the quality is still poor and costs for reuse are still
too expensive and thus it becomes cheaper to use new
(“virgin”) materials than recycled ones. In a way, many ma-
terials even containing recyclable components are still go-
ing to incineration.

Thus, there is still a long way to go in the country be-
fore it is possible to extend the life cycle of products and
comply with circular economy principles. Some industry
conversations involve discussions about how producers
can in the future bring such materials back into the circular
economy circle from their material components - such as
chemical recycling - without the energy recovery process,
for example.

4.4 Waste Stabilization by Biodrying — operated by
A.R.T., located in Mertesdorf

The A.R.T's facility in the locality of Mertesdorf is one
of the plants with biodrying technology in Germany. The
unity has 300 employees and receives daily 450 tons of re-
sidual materials from a district corresponding to 530,000
inhabitants and is responsible for the sorting of waste from
black bins (non-recyclables) on 75 hectares (750,000 m?).
Besides the landfill, there are also units for the mechanical
biological treatment and biowaste composting, a waste
collection point and an energy recovery unit.

First, the truck is weighed on the scale and according to
the measure it is identified the gate to be unloaded, and the
waste is then relocated for the shredding procedure.

Afterwards, the drying process is started through bio-
logical stabilization boxes (Figure 5), which lasts from 9 to
12 days, whose technology allows the removal of 30 to 35%
of the residues’ humidity for the purposes of calorific val-
ue increasing and mass reduction and consequently, lower
transportation costs to the incinerators.

Finally, is conducted the sorting of materials, such as
organics (later disposed of in landfills) and metals - which
are separated into ferrous and non-ferrous, and then sold
to a company, enabling the generation of revenues.

One of the problems faced by the facility is the risk of
self-combustion of batteries, which are found due to the in-
correct waste segregation still at the source (households).
Thus, in order to prevent fire, a real-time monitoring is per-
formed by heat sensors located both in the biological dry-
ing area (to detect the risk of temperature rise) and in the
mechanical part (to detect eventual batteries).

4.5 Waste Pre-Processing — operated by MBA
ECOWEST, located in Ennigerloh

The MBA ECOWEST facility in Ennigerloh receives
about 150,000 tons per year of waste, of which 60,000 t/
year is presorted commercial waste and 90,000 t/year
household waste. Because of the different compositions,
the flow of operations is planned for two process routes

FIGURE 5: Biological drying stabilization. Source: Author’s person-
al collection, 2023.
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on separate feeding belts, and therefore, it is possible to
ensure the most appropriate treatment for the type of in-
coming material and consequently achieve better quality
for the alternative fuel production.

At the beginning of the process, the waste is unloaded
at the facility’s moving floor and then relocated to two dif-
ferent types of the shredders on separate routes, for house-
hold and commercial wastes. During the passage of the
waste, a magnetic separation is also mandatory here (Fig-
ure 6), whereby attention was paid to a sensible position-
ing. The orientation, which is important for the extraction
performance and the quality of the iron, was in the convey-
ing direction, which means that the magnetic field captures
the ferromagnetic particles more cleanly in their point of
weightlessness and without being covered by impurities.

The facility has replaced the useless compost screens
against three large flat screens followed by proper wind
shifters that are responsible for receiving two different
waste streams on three lines. From each, lighter materials
are separated at the top as the high-calorific fractions and
which are used in the downstream pre-processing, while
the unsuitable heavier materials at the bottom will be send
to waste incineration in the cities of Hamm and Bielefeld.

Next, the ferrous materials (corresponding to 2-3% of
the total input stream) are removed by the magnets, and at
the end, the non-ferrous materials are also removed by an
eddy-current separator. In accordance to the local cement
industry, which does not operate precalciners and the local
fossil-fired power plants, RDF cannot be produced or even
used, here. So, the fuels have to be cleaned of heavy mate-
rials, which is done by sufficient air classifier. If necessary,
the SRF is dried in a drum dryer using natural gas.

The use of appropriate equipment for conditioning will
be monitored by sampling which enables a more accurate
and representative knowledge in relation to the quality of
the pre-processed waste, since the collection is performed
randomly by the machine, instead of manual selection by
an operator. This procedure is very important to ensure that

FIGURE 6: Magnetic in the same direction as the belt is conveying.
Source: Author’s personal collection, 2023.

the limits pre-determined by law are achieved, in accord-
ance to the permission of the customers, and thus obtain
a calorific value appropriate to the technology to which it
will be applied.

Therefore, the collection of samples in the MBT, as
shown in Figure 7, takes place regularly and combined into
a daily mixed sample. It will be analyzed in the laboratory in
order to compare them with the qualities in the final prod-
uct agreed with the customer to be supplied. This MBT is
the one of the plants that has been awarded the RAL quality
mark 724, which means that the heavy metal content in the
SRF corresponds to the permissible emission limit values
of co-processing and can directly supply without any blend-
ing prior to delivery.

The lighter fractions of pre-processed waste are the
most desirable for the high grade SRF purposes in cement
kilns, because they have less potential for contamination
and can achieve higher calorific value, allowing a better
burning performance in suspension after leaving the kiln

FIGURE 7: Sample collecting for quality standardization purposes. Source: Author’s personal collection, 2023.
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end burner or vessel burners. While the heavier fractions
are used as RDF with lower burning performance, eventu-
ally becoming ash.

It is very important to have the correct differentiation
about the denomination of alternative fuels in terms of
their final quality, since this is directly related to the type
of equipment and technology to be applied. Therefore, the
term “alternative fuel” is usually more broadly used with-
in the German technical area, while the following specific
ones are considered:

SRF (Solid Recovered Fuel), as shown in Figure 8, for
the alternative fuel composed of fine fractions free of
3-dimensional heavy particles (< 25 mm) and primary
quality, similar to lignite with application in the sinter
zone burner in the cement industry and the vessel burn-
ers in coal fired power plants;

+  RDF (Refuse Derived Fuel) to denote the alternative
fuel composed of larger fractions (< 80-100mm) and
of poorer quality, with application in the calciner in the
cement industry or Fluidized Bed Combustion.

In the cement industry, the alternative fuel composed
of finer particles and primary quality (SRF) is used in the
main burner, while the alternative fuel of larger particles
and poor quality (RDF) is used in the calciner, while very
large particle (HCF-High Calorific Fraction) are fed to the
pre-combustion chamber or processed to RDF, as it is
shown in Figure 9.

4.6 Waste Energy Recovery — operated by HOLCIM
Cement Plant, located in Beckum

The cement plant in Beckum-Kollenbach (Figure 10)
was founded in 1911 and has been part of the Holcim
Group since January 2015. Around 14 tons per hour of SRF
through the kiln end burner. A thermal substitution rate
(TSR) is equivalent to 80% is achieved, due to the use of
customized alternative fuel and animal meal (biomass).

In general, the cement manufacturing process starts
first with the raw materials (limestone, sand as silicon

Solid Waste

-_—

_—

3. Level:

——

SRF ‘Boiler or Kiln Burner

(< 30mm)

‘Combustion Chamber or Grate Firing

‘Calciner or Fluidized-Bed Combustor

FIGURE 8: SRF, alternative fuel composed of light fractions. Source:
Author’s personal collection, 2023.

donator, iron ore and aluminum oxide containing clay) are
mixed and milled, and then preheated respectively pre-
calcined. Then the decomposed raw meal will be burned
in a rotary clinker kiln at 1,450°C (Holcim, 2023). In the
main burner, coal, alternative fuel (SRF) and animal mill
are added, while in the calciner the secondary alternative
fuel (RDF) is used. After burning, the clinker is immediately
cooled and ground. It should also be noted that the ash
is also chemically integrated as a component in the clink-
er burning process, which is why it is also referred to as
“co-processing”.

The decarbonization process in cement works, in
which CO, is removed from the lime-based raw material,
takes place at high temperatures (from 800 to 850°C) and
is responsible for one part of the CO, emissions. The other
part is caused by the combustion of the fuels, which is why
seeking for alternatives as to the use of limestone (calcium
carbonate) and its calcination through the use of alterna-
tive fuels (including biomass) is very important worldwide.

— -

>

FIGURE 9: Application of alternative fuel according to quality. Source: WLTP, 2012.
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FIGURE 10: Holcim Cement Plant in Beckum, Germany. Source: Author’s personal collection, 2023.

The clinker burning process requires a lot of energy,
which is why it is a constant search for cost-effective al-
ternatives. The plant requires around 3,600 tons of raw
material and 600 tons of fuel per day to produce around
2,800 tons of clinker. Lignite dust is stored in four silos, two
smaller storages are used for the continuous substitution
of the coal dust with alternative fuels. The kiln is of normal
length but without a pre-calciner. Via the kiln inlet there is
the possibility of giving up small quantities of lower quality
(but with a high gate-fee). At the kiln end, the long flame of
the sinter zone burner (of almost 20 meters) generates the
required high clinkerization temperature which can reach
2,000-2,500°C gas temperature (the clinker formation tem-
perature applies approx. at 1,400°C), which requires a SRF
quality similar to lignite.

The bypass technology, which will become necessary,
when the suppliers are not willed or in the position to con-
trol and reduce that process disturbing chlorine entrance
during preprocessing. Cold air is used to rapidly cool the
gases just leaving the kiln (at a temperature of 1,100-
1,200°C), where chlorine is condensed and removed by
combination with alkaline elements. The installation of
such a quenching system and the cooling with additional
air costs a lot of energy and money, respectively, which has
to be compensated by the gate fee to be paid by the suppli-
er in case of delivery of insufficient AF qualities.

The emission limits in Germany are adapted from the
municipal waste incinerators and extremely strict and are
directly related to the facility’s operating permit. Combus-
tion-relevant data are tracked in real time by the authorities.
Therefore, the measurements are made for fourteen differ-
ent chemical elements every 30 minutes (half-hour average
of emissions), currently per moment average) and per day
(daily average). It is mandatory by law to measure once a
year such as dioxin and furane which cannot be detected
constantly and elaborate a report. In the case of any irregu-
larities the facility is notified by the authorities to stop its op-
eration in order to correct any deviations. It is also possible
to be fined and/or lose the permission in case of non-com-
pliance with the law and failure in presenting an appropri-

ate justification to the environmental inspection agency.
The adequacy of technologies in cement plants in the
country occurs aligned with the updated legislation, espe-
cially in the implementation of new emission limits in 2013.

One of the biggest problems faced by cement plants
is the large amount of CO, emissions related to the calci-
nation of raw material to produce clinker, whose process
aims to reduce CaO content in the clinker. Much has been
discussed in the sector regarding new strategies to reduce
emissions through the optimization and/or adoption of
new technologies, such as the application of hydrogen in
the clinker formation process, oxy-fuel combustion and the
use of calcined clay to replace clinker. Such adaptations in
the chemical composition of lime are complex and require
caution, since any change in this process, however small,
implies major impacts on the burner, the clinker mineraliza-
tion and also on the fuels. For this reason, chlorides are a
major challenge in the industry, since they present several
combination/fixation mechanisms for the salts’ formation,
whose stability can be influenced by the presence of acid
aggregates or mineral additions, causing a decrease in pH
and consequently, a reduction in the cement resistance
(Saciloto, 2005).

Another future possibility to mitigate CO, emissions in
the sector, although it is in early studies, is a solution called
‘End-of-Pipe Technology’, whose carbon capture happens
from the removal of CO, at the end of the process. Al-
though the cement manufacturing process has existed for
many years and has been constantly optimized and new
technologies developed to maximize energy efficiency,
such as pre-calciner, calciner expansion, low-NOx burners,
SNCR, energy recovery by modern clinker cooler technolo-
gy, waste heat recovery, etc., it is at the edge of a new tech-
nology, for example, hydrogen utilization and CO, capture
and use (CCSU). Ultimately, infrastructure measures (such
as roads, schools, hospitals, streets, sewers, etc.) must re-
main affordable.

Finally, it was observed that the main barrier to the use
of pre-processed waste as an alternative fuel in cement
plants is to be able to adjust it in the production of clink-
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er within the limits required for the final quality, in order to
maintain control of the entire process, and also to ensure
the best price per ton of clinker in harmony with all costs
and risks from the sector. The cement market is very dy-
namic and has a constant volatilization, such as price os-
cillations in the carbon market, the recent authorization re-
garding the biomass use (saw dust, animal meal etc.) and
the mandatory emissions trade certificate for incinerators,
which is expected to be effective in 2024, referring to pay-
ment for each CO, ton that has been emitted - estimated at
35 euros per ton of waste-derived fuel. Thus, it is extremely
important to align the industry to such updates, especially
the regulatory ones.

5. CONCLUSIONS

This present case report aimed to analyze the waste
sector in Germany in order to study the main measures that
led to the good performance of the entire chain, as well as to
identify the best waste treatment and energy recovery prac-
tices in the country. It was found that this successful perfor-
mance was achieved in a long-term evolutionary process
based on technological development, stricter legislation,
educational actions, and cooperation between industries
and society. The prohibition of untreated waste disposal in
landfills, the implementation of the circular economy con-
cept, the establishment of the polluter-pay principle, the
consolidation of mechanical-biological treatment and the
thermal treatment, recycling activities, as well as, house-
hold waste separation and selective collection, all played
an important role that led to a successful management.

It was also possible to observe the pre-processed waste
application for alternative fuel purposes, whose monitoring
and specification of performance parameters are aligned
with environmental and regulatory requirements, in order
to obey emission limits and ensure the quality standards.

Thus, it was shown that is very important to have the
correct differentiation about the denomination of alterna-
tive fuels in terms of their final quality, since this is directly
related to the type of equipment and technology to be ap-
plied. The lighter fractions of pre-processed waste are the
most desirable for the high grade SRF purposes in cement
kilns, because they have less potential for contamination
and can achieve higher calorific value, allowing a better
burning performance in suspension after leaving the kiln
end burner or vessel burners. While the heavier fractions
are used as RDF with lower burning performance, eventu-
ally becoming ash.
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ABSTRACT

In 2020 9-Tech developed one of the most advanced technologies in Europe for recy-
cling PV panels. In detail, the proposed technology is able to recover all the valuable
materials contained in PV panels (aluminum, glass, copper ribbons, silver, silicon
PV cells). The pilot plant, authorized by Veneto region in 2022, has been operating
in 2023 showing good performances. The recovered PV cells contain mainly silicon
that is a Critical and Strategic Raw Material, but the presence of aluminum paste
and silicon nitride makes challenging its reuse. Therefore, several uses for silicon
are being investigated under the PARSIVAL project, specifically in the photovoltaic
sector, battery anode manufacture, and ferroalloy production use. In this work, the
results of the tests in the pilot plant with the 9-Tech technology and the main findings
regarding the possible use of the PV cells as reagent in STILLMETAL process for the
production of ferrosilicon alloys are presented.

1. INTRODUCTION

The technological methods used to produce energy
and in particular the possibility of employing renewable
energies play a key role in the way through reaching car-
bon neutrality. (Li et al., 2023; Li and Li. 2018). Among re-
newable energy source, photovoltaic (PV) technology is
one of the most promising and greenest. The global solar
PV modules reached an installed capacity of 1 TW at the
end of 2022 (IRENA, 2023) and according to the Interna-
tional Renewable Energy Agency this value is predicted to
increase to 5 TW by 2050 (Weckend et al., 2016). Although
this expansion is considered as necessary for the transi-
tion to a low-carbon energy future, it also introduces new
issues, primarily linked to the economic and environmental
sustainability of the whole PV supply chain, particularly the
End-of-Life (EoL) management of PV modules. The usual
lifetime of a PV panel is roughly 25-30 years, and since the
first installations date back to the 2000’s, a significant rise
in the yearly flow of EoL PV panels may be expected in the
early 2030's (Wang et al., 2022; Weckend et al., 2016). Con-
sidering the rapid increase of the PV waste generation, as
can be observed in the graph reported in Figure 1, the re-
covery of precious materials is an urgent and critical issue
that requires both cost-effective and sustainable solutions.

The majority of installed PV technology is based on
crystalline silicon modules containing glass, aluminum, sil-
ver, copper and amounts of tin and lead.

The amounts of raw materials recovered from PV re-
cycling should be reintroduced into the market to produce
new PV panels or other items, hence increasing the securi-
ty of future PV supply or other products that rely on raw ma-
terials used in PV modules. In particular, metallic silicon,
a key component in PV modules, has been classified as a
Critical Raw Material (CRM) by the European Commission
because of its importance in the electronics and solar in-
dustries, its potential to improve Lithium-lon battery man-
ufacturing for increased energy storage, and the risk asso-
ciated with its supply, which is largely controlled by China.
Furthermore, the creation of crystalline silicon is a high-en-
ergy process, therefore, silicon recycling becomes crucial
(Cerchier et al., 2022).

Nevertheless, PV modules are made to last 30 years
outdoors but are not intended to be recycled. In reality,
disassembling the module sandwich to retrieve the vari-
ous elements included is a significant difficulty due to the
employment of strong encapsulation polymers that glue
and preserve solar cells. As a result, mechanical shredding
is the only commercial method available today to achieve
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FIGURE 1: Estimated PV waste in the next year, based on PV panels capacity installed (Weckend et al., 2016).

the EU WEEE Directive’s mandatory recovery rate (80% by
weight) for End of life PV panels. However, different recy-
cling processes have been studied and proposed in order
to overcome the problems related to mechanical shred-
ding and recover all the materials contained in End of Life
panels. These methods can be classified as mechanical,
thermal, and chemical (Cerchier et al., 2022; Wang et al.,
2022).

Mechanical methods seem to be in higher number in
comparison to thermal anche chemical ones, hovewer all
the currently available techniques resulted quite widely
studied in literature from the point of view of the tecnichal
issues, economical advantages and disadvanges and
waste management issues (Shahariar Chowdhury et al,,
2020; Preet and Smith, 2024; Vinayagamoorthi et al., 2024;
Sah et al,, 2024).

From 2020 a new process, which comprises a ther-
mo-mechanical treatment was developed and tested at
pilot scale. Specifically, the technology can correctly sep-
arate glass, characterized by high purity level, copper rib-
bons and pieces of silicon cells. These cells can further
be treated by hydrometallurgy processes to recover the
silver. It would be important to exploit such technology in
many regions facing the issue of PV waste. In particular,
Apulia in Italy and Extremadura in Spain are RIS regions
(i.e. countries with moderate or modest innovation scores
as defined by the European Innovation Scoreboard) char-
acterized by an intensive installation of photovoltaic (PV)
panels and in the next 15 years a large amount of PV waste
is expected.

In details, Apulia (South of Italy) is the second region
in Italy for installed PV power capacity,3.3 GW (GSE, 2023)
10.9% of the national installed capacity, and it is a Region-
al Innovation Scheme (RIS) region where the matter of End
of Life PV panels is particularly relevant: ~300k tons of
PV waste will be collected in the next 15 years. The case
of Extremadura, with 3.9 GW of installed capacity (23.4%
of the PV solar energy of the country), is similar. In both

these regions there are still no recycling plants and it is ex-
tremely urgent the realization of a structured value chain
for the recovery and reuse of valuable materials contained
in PV.

PARSIVAL is a RIS (Regional Innovation Scheme) ca-
pacity building project financed by EIT RawMaterials that
aims to solve this issue by proposing this new technology
for recycling End of Life PVs and promoting a circular value
chain for PV in these regions. The aim of PARSIVAL project
is also to study the most profitable routes to valorize sili-
con recovered from the recycling of PV panels and three
different applications for the recovered silicon: Li-ion bat-
teries, ferroalloy, and PV manufacturing. The project, aims
build up a solid network able to support PV panels recy-
cling, exploit results in Extremadura and increase the skills
of students in Apulia on the themes of recycling, recovery,
reuse and substitution of CRM. The global idea of the pro-
ject can be found summarized in Figure 2.

In the present work there will be briefly described the
performance that the pilot plant in Venice shown during the
tests conducted and the first results of PARSIVAL projectin
terms of reusing the recovered silicon in the production of
Si-ferroalloy. Both these results are novel considering that
both the technology for photovoltaic panels recycling and
the silicon application in the production of Si-ferroalloys
are new. Furthermore, for the first time these two process-
es are being tested on a pilot scale to verify whether the
silicon is suitable for the addressed application. Positive
results can pave the way to industrialization of efficient re-
cycling process and to the reuse metallic silicon the huge
steel industry market.

2. MATERIALS AND METHODS
2.1 Test in the pilot plant in Venice

Thank to financing of EIT Raw materials, the largest
consortium in the raw materials sector worldwide (EIT
2024) since 2020, 9-Tech developed a technology that al-
lows to recover all valuable materials contained in the PV
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panel with high yield and quality in comparison to other
methods currently available.

In Figure 3a is reported the process flowchart of 9-Tech
technology. The process begins with the removal of the
aluminium frame and junction box. Then, after cutting the
panel, a thermal treatment removes the polymeric fraction
and delaminate the PV panel. After this step, glass, copper
ribbons, and silicon solar cells are mechanically separated.
The silicon cells, after mechanical separation, can be sub-
jected to a hydrometallurgical treatment to extract the silver.

The advantage of this approach is the reduction of the
inter-contamination of the recovered materials, that can
compromise their reuse, in particular for glass. On the oth-
er hand, the possible disadvantages of thermal approach
are due to energy consumption and fumes treatment (Cer-
chier et al,. 2021).

Nevertheless, with the objective of demonstrating that
the energy consumption can be contained and fumes
treated without critical issues, since 24 October 2022 a pi-
lot plant performing the first part of the process (thermal
and mechanical treatment) has been operating in Porto
Marghera, Venice. This plant, whose results are hereafter
presented, is shown in Figure 3b. The pilot plant comprises
two containers that occupy respectively 15m? for the dis-
mounting and waste stocking area and 17.5 m? to host the
furnace and separation machine. There are also 14m? for
the air compressor, PLG tanks, heat exchanger and filters
for the fumes.

The main equipment of the process line is the patented
continuous furnace that was designed and realized specif-
ically for this application and to maximize energy efficien-

cy. The separation is performed by two rollers that remove
the copper ribbons, by a linear sieve that eliminates thin
powder and finally by a customized and patented sieve that
separate PV cells and glass pieces.

The pilot plant, authorized by Veneto region (Ig. 183 of
4/7/2022), showed a maximum treatment capacity of ap-
proximately 30 kg/h of PV panels.

During the first year of experimental phase, approxi-
mately 900 kg of end-of-life PV modules have been treated
and the performance of the plant were assessed in terms
of energy consumption, recovery yield, purity of recovered
material and environmental impact. In particular, the mate-
rials were analysed to verify the possibility to reuse them.
Furthermore, PV cells were analysed with SEM-EDS using
Cambridge Stereoscan 440 Microscope equipped with a
Philips PV9800 EDS to check composition for the re-use
test in ferroalloy production. Finally, the fumes produced
during the thermal treatment were analysed before and
after the abatement system according to UNI EN specific
regulations, typically used in such plants.

2.2 Re-use of the silicon

STILLMETAL (upscaling project funded by EIT RawMa-
terials 2022-2024) aims to solve the problem of the “white”
slag generated from steel making or cast iron foundries
through a process, sustainable from both technical and
economical point of view, able to transform a waste into
two valuable materials. As matter of fact, these types of
slag are considered waste because, in comparison with
other slag types, cannot be reused and must be disposed
of in landfill.
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FIGURE 3: Flowchart of 9-Tech technology (a) and pilot plant installed in Porto Marghera (a).

The treatment involves the reaction at high tempera-
tures, in the molten state, between the slag and reagents
(specific added materials) to give a metal and a residual
oxide slag. The obtained metal has a composition of a
Ferroalloy, a high value material that finds employment in
the steel and cast iron industry, whereas the residual oxide
slag has a right composition to have a market value for the
ceramic and/or cement industry. The project involves the
construction of TRL9 STILLMETAL plant.

Ferroalloys are namely composed by one or more al-
loying elements with iron, and not a single steel grade is
produced without ferroalloys. In detail, in the STILLMET-
AL process Ferrosilicon (FeSi) are obtained and this type
of ferroalloy can be used as deoxidizer and as alloying

element. The value of FeSi ferroalloys increases with the
amount of Si which can vary from 10 to 90% by weight.

University of Padova (UNIPD) had studied the use of
PV cells, recovered from 9-Tech pilot plant, in STILLMETAL
process (Figure 4).

Scanning electron microscope (SEM) analysis of the
PV cells recovered from the 9-Tech pilot plant revealed
that Si and Al paste were the major component of the
cells, namely, 90%wt Si and 10%wt Al (silicon nitride was
considered negligible for this application). PV cells were
treated in order to remove silver before UNIPD employed
them in the STILLMETAL process. Numerical simulations
with Thermodynamic Software Fact Sage 8.2, using FSs-
tel, FTmisc and FToxid databases, were carried out to de-

FIGURE 4: Scheme of STILLMETAL process.
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FIGURE 5: a) Image of TRL 5 pilot plant; b) conductive coils; c) Image of TRL9 STILLMETAL pilot plant.

termine the amount of white slag and the type and amount
of reagents that have to be employed to obtain a FeSi and
a residual oxide slag with an adequate composition and
low melting temperature. In detail, objective of the simula-
tion was to optimize the process to obtain a ferroalloy with
amount of Si higher than 40% and a residual oxide slag
with melting point temperature lower than 1400°C.

Starting from the simulation of the process, the use
of photovoltaic cells was found to allow the production of
a FeSi ferroalloy with higher amount of Si (Si higher than
45%) than the one produced with conventional STILLMET-
AL process (about 25% Si). Furthermore, it was found that
the presence of Al paste does not influence the process.
Therefore, the use of PV cells in STILLMETAL process
could represent an advantage since they allow obtaining a
ferroalloy richer in Si with lower quantity of reagents, mak-
ing the process more advantageous from an economic and
environmental point of view. Also it is demonstrated that it
is possible to valorize the Si without the need for further PV
cell purification.

Ferrosilicon production is also an energy-intensive in-
dustry with a high consumption of electricity and coke with
high emission of CO,,.

The reduction in CO, emissions from ferroalloy pro-
duction using the STILLMETAL process is expected to be
70+85% when using photovoltaic cells in place of quartz.

After the simulation the results were experimentally
validated at TRL5 with an induction furnace with stirring.
This furnace is shown in Figure 5, where it possible to see
the power supply converter generators, the cooling system
and the conductive coils. This system is a unique prototype
and all the parts have been custom made (Figure 5a, b).
The test with the TRL9 plant of STILLMETAL project are
scheduled for October 2024. The plant with a capacity 400
kg for batch (80% of slag, 20% of reagents), will be able to
treat 8960 kg of slag/day, about 2000 ton/year (Figure 5c).
It has been installed at the first customer site and they are
waiting for the final authorization to start work.

The materials (white slag, PV cell and the other rea-
gents), shown in Figure 6, were weighted, mixed inside a
bucket and then put inside a crucible of graphite with the
external part of ceramic. The materials obtained at the end
of tests were characterized with a Cambridge Stereoscan
440 electron microscope equipped with a Philips PV9800
EDS.

3. RESULTS AND DISCUSSION
3.1 Test in the pilot plant in Venice

The pilot plant showed a high recovery yield of 87%.
Specifically, from 898kg of PV panels, the pilot plant was
able to recover: 581 kg of glass, 146 kg of aluminium, 14
kg of junction boxes (mainly composed of plastic and cop-
per), 26 kg of PV cells (mainly composed of silicon), 6 kg of
copper ribbons, 0.45 kg of silver and 9 kg of powder (main-
ly composed of glass and PV cells). Examples of materials
recovered with 9-Tech technology are reported in Figure 7.

The analysis showed that purity of recovered material
was high enough to be suitable for other applications. In
fact, the recovered glass, aluminium, and copper showed
to have the specifications for end-of-waste and can be thus
reused by other companies to produce new items.

Regarding the photovoltaic cells, the material comes in
the shape of thin sheets (thickness 2+300 pm) broke into
pieces of irregular size, ranging from 2 mm to 5 cm. The
base material of these fragments is silicon, with aluminum
paste on the rear side and thin silver contacts on the front
one. Furthermore, there is a thin layer of silicon nitride,
present on the front side of the cell. Finally, on the surface

PV ce

- -

FIGURE 6: Materials and crucible used for STILLMETAL tests.
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FIGURE 7: Materials recovered in the pilot plant performing thermomechanical recycling.

of the recovered cells titanium oxide powder was detected
due to contamination from backsheet combustion.

The SEM-EDS analysis confirmed the presence of alu-
minum (Figure 8a) and silver on the photovoltaic cells. (Fig-
ure 8b).
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The process showed electricity consumption of 105
kWh per ton of treated PV waste, which is comparable to
that of mechanical treatment plants, and PLG consumption
is also negligible. The fumes, after treatment, always re-
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LCA of the process showed an extremely positive overall
environmental impact saving up to 3850 kg of CO, equiv-
alent per ton of PV waste treated. Finally, it must be noted
that both energy consumption and environmental impact
can be reduced when upscaling the process.

3.2 Re-use of the silicon

Different tests were performed at TRLS5, varying the
amount of the reagents, the temperature and the time of
the process.

The crucibles, the day after the test, were broken to
recover the solidified materials inside. It was possible to
observe in all the samples two distinct phases: on the top
the oxide phase (residual oxide slag), and on the bottom
the metallic phase (ferroalloy) (Figure 9).

In the first tests, the metallic phase resulted a ferroal-
loy rich in Si but the amounts of Si, varying from 32 to 42%
depending on the starting amount of reagents, tempera-
ture and time of process, resulted lower than the one ex-
pected with the simulation. Moreover, the microstructure
and amount of Si were not homogenous along the height
of the sample. This was attributed to a not adequate stir-

Ferroalloy

44% Si

ring during the reaction, to a low reaction temperature and
to an inadequate amount of charge in the crucible. The
last tests were carried out trying to solve the problems
highlighted in the previous ones and therefore the time
of stirring, the temperature and the starting charge were
increased.

From the SEM and EDS analysis of the ferroalloy ob-
tained in the last tests, the microstructure and the com-
position resulted the same along the whole height of the
ingot, with an average value of Si of about 44%, still slightly
lower than the expected one of 47.9% but considered ac-
ceptable for the purpose of this project. In Figure 10 the
cross section of the ferroalloy and the SEM-BSE images at
different height are shown. The microstructure of the fer-
roalloy resulted constituted by 2 main phases character-
ized by different amount of Si: the dark one 53.3% Si and
light one 37.3% Si.

3.3 Broad impacts

The proposed process represents a significant ad-
vancement in technology to treat PV waste and has the
potential to positively impact various areas.

Residual oxide slag

44% Si

44% Si

FIGURE 10: Cross-section of the ferroalloy and SEM backscattered electrons image and EDS analysis.
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From a social perspective, PV recycling promotes sus-
tainable practices by encouraging recycling and conser-
vation efforts within communities. It also contributes to
the creation of green jobs, which can support socio-eco-
nomic development in regions involved in photovoltaic
recycling.

Economically, the proposed recycling technology can
recover over 95% of the raw materials’ economic value,
including high-quality materials such as silicon and silver.
This reduces dependence on virgin material extraction and
creates opportunities for secondary raw material markets.
The adoption of secondary raw materials can also lower
production costs in some sectors, such as the steel indus-
try presented, supporting economic growth and improving
competitiveness in a sustainable and circular way. From
an environmental perspective, since the recycling process
reduces the need for extraction of virgin resources, it helps
reduce environmental degradation and greenhouse gas
emissions. Its potential to reduce carbon footprints by ap-
proximately 3850 kg of CO, equivalent per ton of PV waste
processed (Mazzi et al.,, 2024) indicates a significant con-
tribution to climate change mitigation.

The process not only complies with the EU WEEE Di-
rective 2012/19/EU, meeting the mandatory collection and
recycling thresholds for PV panels, but also supports the
supply chain of strategic materials such as silver, a critical
component in the solar industry, and silicon, a critical raw
material. By ensuring a resilient supply of these materials,
the technology supports the transition to green energy and
supports global efforts towards sustainable and efficient
energy solutions. The reuse of recovered silicon for the pro-
duction of Si ferroalloys will enable the application of this
material in a huge market, such as the steel industry, which
has a high demand for Si ferroalloys.

The advantage of using recovered silicon instead of
virgin silicon is significant, because ferrosilicon production
is an energy-intensive industry with high consumption of
electricity and coke and a consequent high production of
carbon dioxide. The production of ferroalloys from slag
with photovoltaic cells (in the presented STILLMETAL pro-
cess) can reduce CO, emissions by about 85% compared
to the production of FeSi45 from quartz.

4. CONCLUSIONS

A pilot plant for the recovery of raw materials (glass,
aluminum, copper ribbons and silicon PV cells) from end-
of-life PV panels has been designed and tested by 9-Tech
in Porto Marghera (VE). The results, are very promising
with a recovery yield of around 90% and high purity of raw
materials, and they will be exploited through the construc-
tion of 3000 ton/year plant, planned in 2025. The process
demonstrates a highly efficient and environmentally friend-
ly approach to PV waste treatment. The significant positive
environmental impact of this process is driven by the effec-
tive recovery of valuable secondary raw materials that can
contribute to a circular economy by minimizing waste and
maximizing resource recovery. The electricity consumption
of 105 kWh per tonne, comparable to traditional mechani-
cal treatment methods, the minimal PLG consumption and

the adherence to emission standards further contribute to
the sustainability of the process.

While glass, copper and aluminum reuse are easy, with
end-of-waste status, the re-use of silicon is still uncertain.
PARSIVAL project is currently studying possible reuse of
the recovered silicon in order to valorize all the recovered
raw materials and maximize process profitability. Among
the applications studied in the framework of the project,
University of Padova investigated the use of PV cells for
Si-Ferroalloy production in STILLMETAL process at TRL5
and showed that is possible to obtain a ferroalloy with a
higher amount of Si (44%) in comparison with convention-
al STILLMETAL process. This application can effectively
recycle silicon with economic and environmental benefit
for PV waste treatment. Next steps will be the upscaling
at TRL9 both of the recycling technology and of the Si-Fer-
roalloy production.
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ABSTRACT

The production of wind energy is one of the most mature technologies in the field
of renewable energy, and the rapid technological advances bring out the need to
replace the old models of wind turbines with more efficient versions. Operators must
plan the management of a large amount of resource flows from the end-of-life wind
farm disposal. The use of composite materials, in particular epoxy resins reinforced
with glass fibers (Glass Fiber Reinforced Polymer - GRFP), most used in the wind
blades, makes the material separation and recovery operations quite complex. The
purpose of the study is to compare the environmental performance of the life cy-
cle of two treatment processes (mechanical recycling and co-processing in cement
kiln), identified by literature as possible technologies for the treatment of GFRP, in-
cluding also the environmental benefits obtainable through the valorisation of both
the waste material itself (used as fuel) and the secondary material obtained at the
end of the treatment process. The LCA study provides some general considerations
about the possible recycling and recovery of GFRP material contained in wind turbine
blades. In general terms, it can be stated that co-processing in cement kilns is a high-
ly efficient process because it allows energy to be recovered from the waste material

1. INTRODUCTION

Since wind energy is one of the most promising sources
of renewable energy and that the installation of wind plants
has grown exponentially in recent years (IEA, 2023), it is
essential to address the economic and environmental is-
sues of the management and end-of-life treatment of com-
posite waste (glass or carbon fibre reinforced polymers)
resulting from the decommissioning of wind power plants
and, in particular, from wind turbine blades. Currently, 2.5
million tons of composite material are in used in the wind
energy industry globally and it is estimated that by the end
of 2023 about 14,000 blades could be decommissioned,
corresponding to 40,000-60,000 tonnes (WindEurope - Cef-
ic - EuCIA, 2020).

However, so far, the amount of composite waste gen-
erated by wind turbines accounts for only 10% of total
thermoset composite waste (WindEurope - Cefic - EUCIA,
2020). Since these volumes are relatively low, a recycling
activity with only this waste stream is rather difficult and
expensive from both a technological and economic point
of view. Moreover, from a normative point of view, national
and European norms are currently limited and not uniform

and part of it to be integrated into the clinker production process.

in the regulation of the end-of-life of composite materials.
In general, these have the objective of limiting the disposal
of composite materials in landfills.

Nevertheless, different techniques of recycling com-
posite materials are currently available, but only some of
them are applied at industrial scale, due to their different
technology readiness, high investment and operating costs
(Wind Europe, 2020). Composite materials, consisting of
epoxy resins reinforced with carbon fibers (CFRP - Carbon
Fiber Reinforced Polymer) or, most commonly used in wind
turbines, with glass fibers (GFRP - Glass Fiber Reinforced
Polymer) can be recycled or recovered by mechanical
grinding, thermal (pyrolysis, fluidized bed), thermochemi-
cal (solvolysis) or electrochemical (high voltage fragmen-
tation) processes or by a combination of them.

The aim of this study is to assess and compare,
through the standardised Life Cycle Assessment method
(1ISO 20214, ISO 2021b), the environmental impacts of the
life cycle of two GFRP waste material treatment processes
resulting from the decommissioning of wind turbines. The
LCA studies and their results are presented in the following
paragraphs.
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2. MATERIALS AND METHODS
2.1 Goal and scope of the study
2.1.7 Goal of the study

The LCA method was applied to the following end-of-
life treatment processes for GFRP waste, in order to eva-
luate and compare their environmental performances:

< Mechanical recycling (Scenario 1);

«  Co-processing (also known as “the cement kiln route”),
which is used for recycling GFRP waste because it is
technologically and economically more advantageous
than mechanical recycling (Gongalves et al., 2022)
(Krauklis et al., 2021) (Scenario 2). This technology is
already used on a commercial scale because it is con-
sidered, at the moment, one of the most solid options
for the end-of-life management of wind turbines since
it provides several advantages:

- Reduction of the amount of fossil fuel (coal) used in
the clinker production process;

- Reduction of both the use of raw material (sand)
and the emissions of its production to provide silica
to the kiln, because silica is replaced by glass fibres
contained in the input composite material;

- No residue generated, because the mineral content
in the composite material is incorporated into clink-
er.

For both technologies the environmental benefits from
the GFRP waste valorization as fuel and/or as secondary
material from the treatment process have been consid-
ered.

An attributional approach was used for the study, re-
producing the existing supply chain and using background
processes representative of the average market consump-
tion mix (European Commission - Joint Research Centre,
2010).

2.1.2 Function of the system, functional unit and reference
flow

The function of the system is the management and tre-
atment of GFRP waste material resulting from the disposal
of a wind farm located in Italy which consists of 6 wind
turbines at the end of their useful life.

The functional unitis T MW of power, and the reference
flow is the amount of waste material GFRP collected from
the disposal of the 6 wind turbines needed to obtain T MW
of power.

2.1.3 Description of the recycling processes

Most of the wind turbine blades on the market are
made of GFRP. However, there are other blade types par-
tially (hybrid) or totally made of Carbon Fiber Reinforced
Polymer (CFTP). This study considers wind turbine blades
are consisting only of GFRP. In this case, the two main
materials of the blades are glass fiber and polymer resin.
Other support components, made of metal materials and
lower than 5% in weight in most of the wind turbine design
were not considered in the study because it was assumed
that they are removed during the first phase of dismantling
(Liu et al., 2022).

In the wind turbine model analyzed in the study, the
GFRP material is contained in the blades, the nose cone
and the housing of the nacelle; the amount of GFRP con-
tained in a turbine is about 13 tons (Vestas, Wind Systems,
2024).

The LCA study considered two of the commonly used,
due to their technological and economic advantages and
high maturity level, end-of-life treatment technologies for
GFRP waste material resulting from the decommissioning
of wind turbines (Gongalves et al., 2022) (Krauklis et al.,
2021):
+ Mechanical Recycling: this process involves a first

phase of material dimensional reduction by fragmenta-

tion and grinding, and any subsequent sifting to sepa-
rate and classify the crushed material in different sizes.

The machines used to dimensionally reduce the materi-

al can be different: the hammer mill can better process

the waste material and obtain a ready-to-use material
for new composites. The material obtained at the end
of the recycling process has the form of granules (rich
in glass fibers) or powders (rich in polymer resin) and
can be used as a filler in the building industry or as a
reinforcement in new composite products (Gongalves
et al., 2022) (Oliveux et al., 2015). The characteristics
of the obtained material largely depend on the type
of input material and the grinding technique used. In
general, its value is poorly competitive if compared to
virgin materials. Moreover, only a part of the recycled
product is suitable to be used for the production of new

composites and in some cases further processing (i.e.,

grinding and screening) have to be added for a better

usability, in other applications. When used as a filler,
an average particle size lower than 10 ym is required.

In this case, the larger particles will have to be ground

again. Materials leaving the recycling process can be

generally classified into two categories (Palmer, 2009):

- “Coarse” quality materials consisting of larger parti-

cles, typically bundles of glass fibers held together
by the resin: they are too large to be used as filling
materials but can be used as reinforcement in new
composites or can be broken into smaller pieces;

- "“Fine” quality materials, ground into very fine parti-

cles, to be used as fillers.

Co-processing in a cement kiln (Jacob, 2011) (Krauklis

et al., 2021) (Yazdanbakhsh et al., 2014): as a result of

the dismantling of the rotor, the blades are transported
to the co-processing, which consists of a furnace for
the production of clinker, the constituent material of
cement. The process uses the polymer matrix of the
waste material GFRP as fuel in the process itself (thus
replacing the coal normally used in the combustion
process), while the inert fibrous component of GFRP,
based on alumina borosilicate, constitutes the mineral
raw material that can be used to produce clinker (the
basic component, made from clay and limestone, for
cement production). It can therefore be considered that
the process uses 100% of the input GFRP waste mate-
rial (even if a part of it it's just energetically valorized),
because the whole waste material is used for energy
recovery, since it is a fuel for combustion in the furnace,
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or for material recovery, because the the secondary ma-
terial leaving the furnace can be used for a subsequent
valorisation.

2.1.4 System boundaries

The system boundaries are “from gate to grave”, in-
cluding only the phases of GFRP waste material transport
from the wind farm to the treatment plant and the waste
treatment with mechanical recycling or co-processing in a
cement kiln.

Since both treatment process leads to a multifunction-
ality, a system expansion approach was used, similarly to
Karuppannan Gopalraj et al., (2021) and according to ISO
14040-44, in order to include the additional function of the
analyzed systems. In this way, the substitution of coal (as
fuel for combustion) and inert material (sand) for clinker
production was considered by modeling specific avoided
impacts (Figure 1). According to Karuppannan Gopalraj et
al. (2021), a “zero burden” approach was applied for GFRP
waste material, which did not have any environmental im-
pact due to its production. Therefore, the LCA study does
not consider the environmental impacts due to the waste
production phases (which are equal in Scenarios 1 and 2),
because the purpose of the study is to compare the envi-
ronmental performances of the two different systems for
recycling and recovery the GFRP waste material.

2.1.5 Data quality and Life Cycle Impact Assessment me-
thod

For the LCA study, secondary data from different litera-
ture sources and related to the specific treatment process-
es for the management of GFRP waste material were used,
the specific characteristics of the GFRP material itself and
the technical characteristics of the secondary material ob-
tained were used. More details about the used literature
sources are included in the Inventory paragraph.

The study was carried out using SimaPro 9.5 software
and Ecoinvent 3.9.1 database (Wernet et al., 2016) for the
modeling of background data. From the geographical, time
and technological representativeness point of view, the
more recent data about European or global average tech-
nologies available in Ecoinvent 3.9.1 were used.

The impact assessment method used is EF 3.1 (Zamp-
ori et al., 2019), applying only the phases of characteriza-
tion and normalization, as they are considered more sci-
entifically robust. In regards to the geographical, temporal
and technological representativeness of the background
data used, reference was made to European average tech-
nologies when available, otherwise global, and, as last op-
tion, to the data available in Ecoinvent 3.9.1 (Wernet et al.,
2016).

2.2 Inventory analysis

For both scenarios, the total amount of GFRP waste
material contained in the wind turbines, rotor cone nose
and nacelle housing were considered equal to 12,838.62
kg (amount referred to 1T MW of power of the entire wind
farm).

In both scenarios an average road transport distance
(by a Euro 6 truck with an average load capacity of 32
tonnes) of 200 km was considered from the wind farm to
the treatment plants (Karuppannan Gopalraj et al., 2021).

In addition, an alternative distance (AD) of 400 km from
the plant to the treatment site was considered for both sce-
narios in order to assess the impact of transport on the two
processes. Furthermore, for the co-processing scenario
(Scenario 2), an alternative option has been studied where
the transport of the material over the 400 km distance
is carried out by vehicles with a lower capacity (a Euro 6
lorry with an average load capacity of 5.7 tonnes), on the
assumption that the crushing phase of the material takes
place at the dismantling site (Option A).
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This option was considered because roads may not be
suitableforlarge vehicletransportanditmaybenecessaryto
reduce the size of the material before it is transported to the
cement plant so that it can be handled by smaller vehicles.

In Scenario 1 (mechanical recycling), the energy con-
sumption for the mechanical treatment of GFRP waste,
i.e.to cut the blades of the dismantled blades into pieces,
to chop and grind the waste material into powder and into
fiber sections of about 10 mm was considered. According
to Kurapannan Gopalraj (2021), energy consumption for
this process was assumed to be electricity, using the Ital-
ian medium voltage mix and equal to 0,27 MJ/kg of treated
GFRP waste material, in agreement with Liu et al. (2019)
and Howarth et al. (2014),

To calculate the amount of exploitable secondary ma-
terial, the GFRP waste material was considered to consist
of the following components (Jacob, 2011):

* 67% in weight was assumed to be a mineral part made
of fiberglass, rich in mineral components such as silica,
calcium carbonate, alumina;

+ 33% in weight was assumed to be an organic polymer
part.

In order to quantify the benefits deriving from the use
of the secondary material obtained at the end of the me-
chanical treatment (recycled material), in agreement with
Liu et al. (2019), it was assumed that this benefit is propor-

tional to the tensile strength of the fibrous component of
the GFRP waste material, because tensile strength is one
of the most important properties of wind turbine materials.

In detail, it was considered that the fibrous component
of the secondary material has a tensile strength of 78%
of the tensile strength of the fibrous component of virgin
GFRP material (Liu et al., 2019) and that the yield rate of the
fibrous component at the end of the mechanical recycling
process is equal to 55% (Liu et al., 2019) (Palmer, 2009);
similarly, it was considered that the polymer component of
the secondary material has a technical performance equal
to 50% of the performance of the polymer component of
the virgin GFRP material and that the yield rate of the poly-
mer component at the end of mechanical recycling is 100%
(Liu et al., 2019).

Table 1 summarizes the data and parameters used in
Scenario 1 for mechanical recycling. By multiplying these
parameters and yield rates by the quantities of the fibrous
component and polymer component of the GFRP waste
material, the quantities of recycled fibre and recycled pol-
ymer released from the mechanical treatment were finally
calculated. These quantities were then added together to
obtain the total amount of secondary material obtained,
assuming that it is not further separated and constitutes
a homogeneous mix of fibrous and polymer components.

In order to identify the product replaced by the sec-
ondary material stemming from the mechanical recycling

TABLE 1: Inventory data and parameters used for modelling mechanical recycling and co-processing processes in cement kilns.

Process Data/parameter Unit Value's Value's Reference
Scenario1  Scenario 2
Mechanical recycling (scenario 1)
Total amount of GFRP waste material contained in wind Authors calculation based on Ves-
turbines, rotor cone nose and nacelle housing, referring to 1 kg 12,838.62
S tas data (2015)
MW of the entire wind farm
Energy consumption for mechanical treatment, with refer- MJ/k 027 B Howarth et al. (2014); Liu et al.
ence to 1 kg of treated GFRP material 9 : (2019)
Tensile strength of the fibrous component of the secondary
material compared to the tensile strength of the fibrous % 78 - Liu et al. (2019); Liu et al. (2022)
component of the virgin GFRP material
Final ){leld rate of fibrous component of GFRP waste o 55 . Liu et al. (2019); Palmer (2009)
material
Technical performance of the polymer component of the
secondary material, compared to the technical performance % 50 - Liu at al. (2019)
of the polymer component of the virgin GFRP material
Final r'ate of return of polymer component of GFRP waste % 100 . Liu et al. (2019); Keith et al. (2017)
material
Distance from wind farm to treatment plant km 200 - Karuppannan Gopalraj et al. (2021)
Alternative distance (AD) from wind farm to treatment plant km 400 - Authors calculation
Co-processing in cement kiln (scenario 2)
Total amount of GFRP waste material contained in wind Authors calculation based on Ves-
turbines, rotor cone nose and nacelle housing, referring to 1 kg 12,838.62
S tas data (2015)
MW of the entire wind farm
Energy consumption for grinding pre-treatment, referring to MJ 027 Howarth et al. (2014)
1 kg of treated GFRP material . Liu et al. (2019)
Superior calorific value of GFRP waste material MJ/kg - 33.5 Karuppannan Gopalraj et al. (2021)
Higher calorific value of coal MJ/kg - 28 Karuppannan Gopalraj et al. (2021)
Distance from wind farm to treatment plant km - 200 Karuppannan Gopalraj et al. (2021)
Alternative distance (AD) from wind farm to treatment plant km - 400 Authors calculation
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of the waste material GFRP (avoided product), several pa-
pers on its possible uses were analysed. The approach of
Yazdanbakhsh et al. (2014) was followed: according to the
authors, mechanically recycled GFRP waste has a poten-
tial application as a filler in Portland cement mortar and
concrete.

Further possible uses of the recycled material include:

+ its transformation into a compound, made of ground
GFRP (obtained from mechanical recycling), mixed with
virgin or recycled plastic resins (polypropylene, poly-
ethylene, acrylonitrile butadiene styrene) for injection
moulding (Gees Recycling, 2024);

+ the production of recycled fibreglass panels made of
recycled fibre-reinforced composites (glass fibre, kev-
lar, carbon fibre, etc.) that are finely ground and re-glued
at high pressure with minimum percentages of adhe-
sives (3D Wall Panels Italia, 2024).

Nevertheless, in the LCA study these uses could not
be accounted for, due to the lack of appropriate datasets
in the Ecoinvent database, which are necessary to identi-
fy and model the replaced material. The study therefore
assumed that the substituted product is sand, used as a
filler, using a suitable Ecoinvent dataset to model its pro-
duction, considered an avoided impact. Finally, the amount
of replaced sand was considered to be equal to the total
amount of secondary material obtained at the end of the
recycling process, calculated as specified in the previous

paragraph. Table 2 shows the input and output data used
to model Scenario 1, and the Ecoinvent datasets used.

As regards the co-processing in a cement kiln (Scenario
2), GFRP material waste is first ground to reduce its size, and
then fed into the kiln where combustion takes place: the pol-
ymer organic component (33% of the total amount of GFRP
waste material) burns, providing energy, and the mineral
fiber component (67% of the total amount of GFRP waste
material) (Jacob, 2011), can be used as the main compo-
nent of Portland cement, providing the raw material for the
production of cement clinker (Yazdanbakhsh et al.,, 2014).

The study therefore accounted for the electricity con-
sumption to grind GFRP waste material before it is insert-
ed into the furnace. Similarly to mechanical recycling, it
was assumed that this electrical consumption, modeled
through the use of the Italian medium voltage electric mix,
was equal to 0.27 MJ/kg of treated waste (Liu et al., 2019),
because the grinding process is conceptually the same,
from the technological point of view, to the grinding of me-
chanical recycling. Karupannan Gopalraj et al. (2021) has
a value of 0.09 MJ/kg of treated waste for grinding that
takes place before being placed in the oven. However, in
this study a conservative approach was used, adopting the
same energy consumption of mechanical recycling.

Moreover, it was considered that the polymer organ-
ic component of the GFRP waste material, because it is
a fuel, is used to replace fossil fuels for the combustion
process inside the furnace (energy recovery), thus avoiding

TABLE 2: Mechanical recycling and Co-processing in cement kiln input and output data, referring to 1 MW of power of the entire wind farm.

Unit Values Dataset used by Ecoinvent

Mechanical recycling (scenario 1)
Input
Energy for grinding MJ 3,466.43 Electricity, medium voltage {IT}| market for electricity, medium voltage | Cut-off, U
Distance from wind farm to treat- Kkatkm 2567723.08 Transport, freight, lorry >32 metric ton, EURO6 {RER}| market for transport,
ment plant (200 km) 9 mE e freight, lorry >32 metric ton, EUROG6 | Cut-off, U
Alternative distance (AD) from wind Kka*km 5,135,446.154 | Transport, freight, lorry >32 metric ton, EURO6 {RER}| market for transport,
farm to treatment plant (400 km) g freight, lorry >32 metric ton, EUROG6 | Cut-off, U
Output
Power of the entire wind farm MW 1
Replaced inert material (sand)* kg 5,808.57 Sand {RoW}| market for sand | Cut-off, U
Co-processing in cement kiln (scenario 2)
Input
Energy for grinding MJ 3,466.43 Electricity, medium voltage {IT}| market for electricity, medium voltage | Cut-off, U
Distance from wind farm to treat- Kka*km 2567723.08 Transport, freight, lorry >32 metric ton, EURO6 {RER}| market for transport,
ment plant (200 km) 9 e freight, lorry >32 metric ton, EUROG6 | Cut-off, U
Alternative distance (AD) from wind katkm 5,135,446.154 | Transport, freight, lorry >32 metric ton, EURO6 {RER}| market for transport,
farm to treatment plant (400 km) 9 freight, lorry >32 metric ton, EUROG6 | Cut-off, U
Altemative distance (AD) from wind 5,135,446.154 : Transport, freight, lorry 3.5-7.5 metric ton, EURO6 {RER}| market for transport,
farm to treatment plant (400 km kg*km ] .

. . freight, lorry 3.5-7.5 metric ton, EURO6 | Cut-off, U
with a smaller truck) (Option A)
Output
Power of the entire wind farm MW 1
Replaced carbon* kg 5,068.96 Hard coal briquettes {RER}| hard coal briquettes production | Cut-off, U
Replaced inert material (sand)* kg 5,763.25 Sand {RoW}| market for sand | Cut-off, U

* Such material is modelled in thesystem as avoided product
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the use of coal for the combustion process (avoided prod-
uct). In this way, it was taken into account that the amount
of polymer organic component totally replaces the amount
of coal necessary for the combustion process, also assum-
ing that the furnace, for its operation, does not need any
other fuel.

In order to calculate the amount of coal replaced, the
energy content of both the GFRP waste material and the
coal was considered: in detail, the higher calorific values
were assumed to be 33.5 MJ/kg for the former and 28 MJ/
kg for the latter (Karuppannan Gopalraj et al., 2021). In this
way, the quantity of coal replaced by 1 kg of GFRP waste
material is equal to 1,196 kg.

This environmental benefit was then included in the
LCA modelby using a specific Ecoinvent dataset for the
production of coal, considering it as avoided impact.

Finally, it was assumed, similarly to mechanical re-
cycling, that the fibrous mineral component of the GFRP
waste material can be used as a filler for clinker produc-
tion, and the substituted product is sand, because it is a
silica-rich material (avoided product). It was therefore con-
sidered that the substitution factor is 1:1, i.e. 1 kg of GFRP
waste material, which contains 0.67 kg of fibrous mineral
component, rich in components such as silica, replaces
0.67 kg of sand, a material rich in silica.

Table 1 summarizes the data and parameters used in
Scenariol and 2. Table 2 shows the input and output data
used to model Scenario 1 and 2, and the Ecoinvent data-
sets used.

3. ENVIRONMENTAL IMPACT ASSESSMENT
3.1 Characterisation and normalisation results

Table 3 shows the results of characterization and nor-
malization related to the treatment of GFRP waste material,

referring to T MW of the entire wind farm, for the Scenario 1
(mechanical recycling) and for the Scenario 2 (co-process-
ing in cement kiln).

4. RESULTS AND DISCUSSION

The analysis of normalization results shows that the
most relevant impact categories (i.e. those categories that
contribute cumulatively to 80% of the total normalisation
results) are, for Scenario 1, “Resource use, fossils” (28%
of the total normalisation phase), “Climate change” (15%),
“Eutrophication, freshwater” (9%), “Ecotoxicity, freshwater”,
“Particulate matter”, Photochemical ozone formation (8%
each), and “Human toxicity cancer” (6%) (Table 3, Figure 2).

For the same relevant impact categories, an increase in
impacts ranging from 44% to 111% is observed when con-
sidering the transport of the material over an alternative
distance of 400 km (AD). From this it can be concluded that
anincrease in the distance of transport in this scenario has
a significant environmental impact.

The most significant impact categories for Scenario 2
are” Eutrophication, freshwater” (-46% of the total normal-
isation phase), “Resource use, fossils” (-26%), “Ecotoxicity,
freshwater” (-6%), “Photochemical ozone formation (-4%),
“Acidification” and” Eutrophication, marine” (-3% each) (Ta-
ble 3, Figure 3).

In Scenario 2, an increase in transport distance (AD)
causes a non-significant decrease in avoided impacts for
the main impact categories. Using a lower capacity means
of transport to transport the material over the same dis-
tance (Option A) contributes significantly to the reduction
in avoided impacts, but is still negligible given the high con-
tribution of avoided impacts in the process.

As regards to characterisation results, the comparison
between the two scenarios will be presented in the follow-
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FIGURE 2: Normalisation results for Scenario 1 (mechanical recycling).
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TABLE 3: Characterization and Normalization results related to GFRP waste material treatment, referring to T MW of the entire wind farm:
Scenario 1 (mechanical recycling) and Scenario 2 (co-processing in cement kiln).

Impact category Unit Scenario 1 Scenario 2
Characterization 200 km 400 km (AD) 200 km 400 km (AD)
Acidification mol H+ eq 1.50E+00 2.14E+00 -1.33E+01 -1.26E+01
Climate change kg CO, eq 5.69E+02 8.26E+02 -1.37E+03 -1.12E+03
Climate change-Biogenic kg CO, eq 4.57E+00 4.65E+00 3.55E+00 3.63E+00
Climate change-Fossil kg CO, eq 5.64E+02 8.22E+02 -1.38E+03 -1.12E+03
Climate change-LU and LU change kg CO, eq 1.33E-01 2.58E-01 -1.29E+00 -1.17E+00
Ecotoxicity. freshwater-part 1 CTUe 1.50E+03 2.88E+03 -2.19E+04 -2.05E+04
Ecotoxicity. freshwater-part 2 CTUe 6.29E+02 1.13E+03 -3.42E+03 -2.93E+03
Ecotoxicity. freshwater-inorganics CTUe 1.94E+03 3.75E+03 -2.50E+04 -2.32E+04
Ecotoxicity. freshwater-organics-p.1 CTUe 3.97E+01 5.47E+01 -9.15E+01 -7.66E+01
Ecotoxicity. freshwater-organics-p.2 CTUe 1.45E+02 2.03E+02 -2.31E+02 -1.73E+02
Particulate matter disease inc. 2.30E-05 4.85E-05 -7.70E-05 -5.15E-05
Eutrophication. marine kg N eq 2.31E-01 4.04E-01 -5.03E+00 -4.86E+00
Eutrophication. freshwater kg P eq 6.91E-02 8.81E-02 -5.87E+00 -5.86E+00
Eutrophication. terrestrial mol N eq 2.51E+00 4.29E+00 -4.63E+01 -4.45E+01
Human toxicity. cancer CTUh 1.62E-07 2.76E-07 -1.01E-06 -8.91E-07
Human toxicity. cancer-inorganics CTUh 7.97E-08 1.36E-07 -7.91E-07 -7.35E-07
Human toxicity. cancer-organics CTUh 8.22E-08 1.41E-07 -2.14E-07 -1.56E-07
Human toxicity. non-cancer CTUh 3.97E-06 6.76E-06 -4.22E-05 -3.94E-05
Human toxicity. non-cancer-inorg. CTUh 3.77E-06 6.41E-06 -4.07E-05 -3.81E-05
Human toxicity. non-cancer-org. CTUh 2.04E-07 3.46E-07 -1.53E-06 -1.39E-06
lonising radiation kBqg U-235 eq 5.22E+01 5.72E+01 -3.88E+01 -3.39E+01
Land use Pt 4.64E+01 4.01E+03 -1.74E+04 -1.34E+04
Ozone depletion kg CFC11 eq 1.33E-05 1.92E-05 -2.35E-05 -1.77E-05
Photochemical ozone formation kg NMVOC eq 1.58E+00 2.62E+00 -1.29E+01 -1.18E+01
Resource use. fossils MJ 8.91E+03 1.28E+04 -1.32E+05 -1.28E+05
Resource use. minerals and metals kg Sb eq 1.11E-03 1.83E-03 -6.40E-04 7.92E-05
Water use m3 depriv. -6.03E+00 1.26E+01 -1.36E+02 -1.17E+02
Normalization

Acidification - 2.70E-02 3.85E-02 -2.39E-01 -2.27E-01
Climate change - 7.53E-02 1.09E-01 -1.82E-01 -1.48E-01
Ecotoxicity. freshwater - 3.76E-02 7.06E-02 -4.46E-01 -4.13E-01
Particulate matter - 3.86E-02 8.14E-02 -1.29E-01 -8.66E-02
Eutrophication. marine B 1.18E-02 2.07E-02 -2.57E-01 -2.49E-01
Eutrophication. freshwater - 4.30E-02 5.48E-02 -3.66E+00 -3.64E+00
Eutrophication. terrestrial - 1.42E-02 2.43E-02 -2.62E-01 -2.52E-01
Human toxicity. cancer - 9.38E-03 1.60E-02 -5.83E-02 -5.16E-02
Human toxicity. non-cancer - 3.08E-02 5.25E-02 -3.28E-01 -3.06E-01
lonising radiation - 1.24E-02 1.35E-02 -9.20E-03 -8.03E-03
Land use - 5.66E-05 4.89E-03 -2.12E-02 -1.64E-02
Ozone depletion - 2.55E-04 3.66E-04 -4.49E-04 -3.37E-04
Photochemical ozone formation - 3.86E-02 6.40E-02 -3.15E-01 -2.90E-01
Resource use. fossils - 1.37E-01 1.97E-01 -2.03E+00 -1.97E+00
Resource use. minerals and metals - 1.74E-02 2.87E-02 -1.01E-02 1.24E-03
Water use - -5.26E-04 1.10E-03 -1.19E-02 -1.02E-02
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ing paragraphs, focusing only on the impact categories rel-
evant for both treatment processes (i.e. “Resource use, fos-
sils”, Eutrophication, freshwater”, “Ecotoxicity freshwater”
and “Particulate matter”). Moreover, “Climate change” cate-
gory is added to the discussion, due to its global relevance.

The results of “Climate change” and “Resource use,
fossils” for Scenario 2 (co-processing in a furnace for the
production of cement), equal to -1.37E+03 kg CO,eq. and
-1.32E+05 MJ respectively”, highlight that its avoided im-
pacts are much higher than the results of Scenario 1 (me-
chanical recycling), where “Climate Change” is equal to
5.69E+02 kg CO,eq., and “Resource use, fossils” is equal
to 8.91E+03 MJ (Table 3, Figure 4, Figure 5). Scenario 2 is
therefore more environmentally sustainable and this is due
to the higher avoided impacts, which are affected by coal
substitution in the co-processing.

As regards to “Eutrophication freshwater”, the charac-
terisation result for Scenario 1 is 6.91E-02 kgPeq. (positive
value), whereas it is -5.87E+00 kgPeq. (negative value) for
Scenario 2: the latter therefore is an avoided impact. More
in detail (Figure 6), the two processes that most affect the
results of this impact category are the electricity consump-
tion to grind the GFRP waste material in Scenario 1 (6.07E-
02 kg P eq.) and the avoided impacts from coal substitu-
tion in Scenario 2 (-5.94E+00 kg P eq.). On the contrary, the
contributions of transport and the use of recycled material
to replace sand are negligible.

The characterisation results of “Ecotoxicity freshwater”
and “Photochemical ozone formation” show that, similarly

to the other impact categories, the impact differences for
the two treatment processes are strongly affected by coal
substitution in the co-processing. Figure 7 and Figure 8
show that the avoided impacts of the replaced coal in Sce-
nario 2 are equal to -2.74E+04 CTUe in “Ecotoxicity fresh-
water” and equal to -1.45E+01 kg NMVOC eq. in “Photo-
chemical ozone formation”, whereas the avoided impacts
from the substitution of the sand in Scenario 1 are equal
to -4.93E+02 CTUe in “Ecotoxicity freshwater” and equal
to -6.12E-01 kg NMVOC eq. in “Photochemical ozone for-
mation”. The avoided impacts of sand substitution in Sce-
nario 1 have therefore the same order of magnitude of the
avoided impacts of sand substitution in Scenario 2, where
they are equal to -4.89E+02 CTUe in “Ecotoxicity freshwa-
ter” and -6.07E-01 kg NMVOC eq. in “Photochemical ozone
formation”.

5. CONCLUSIONS

The LCA study of the two scenarios for the treatment
of GFRP waste material contained in wind turbines shows
that mechanical recycling (Scenario 1) has significantly hi-
gher environmental impacts than co-processing in cement
kiln (Scenario 2), because in the latter the avoided impacts
have a much higher value. This is mainly due to the fact
that in the co-processing, in addition to the valorisation of
the recycled secondary material at the end of the treatment
process, the energy needed for the process is provided by
the polymer organic component of the GFRP waste mate-
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FIGURE 3: Normalization results for Scenario 2 (co-processing in a cement kiln).
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FIGURE 4: Climate change characterisation results (kg CO, eq) for both scenarios. Process contribution of the GFRP waste material treat-
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FIGURE 5: Characterisation results of the category Resource use, fossils (MJ) eq) for both scenarios GFRP - Process contributions of the

GFRP waste material treatment.
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FIGURE 6: Characterisation results of the category Eutrophication freshwater (kg P eq) for both scenarios — Process contributions of the

GFRP waste material treatment.
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tions of the GFRP waste material treatment.

rial, thus avoiding the production of a similar quantity of
coal, which would be necessary for the combustion insi-
de the furnace. In fact, the GFRP waste material, due to
its polymer component, has a higher calorific value than
the replaced fuel. In this way, the co-processing is more
environmentally friendly than mechanical recycling, espe-
cially in “Resource use, fossils” (Scenario 1: 8.91E+03 MJ;
Scenario 2:-1.32E+05 MJ) and “Climate change” (Scenario
1: 5.69E+02 kg CO,eq. Scenario2: 1.37E+03 kg CO,eq.) im-
pact categories.

The analysis of characterisation results shows that
also the other relevant impact categories results are af-
fected by the valorisation of GFRP waste material: this is
evident in Scenario 2, where coal to feed the process is re-
placed by the same waste material. In fact, the avoided im-
pacts of “Eutrophication freshwater”, “Ecotoxicity freshwa-
ter” and “Photochemical ozone formation” in Scenario 2
are higher than in Scenario 1, where only sand is replaced
by the GFRP waste material at the end of the mechanical
treatment.

Finally, the literature analysis (Yazdanbakhsh et al.,
2014) highlights that mechanical recycling has a low ener-
gy consumption but, on the other hand since it does not
separate the polymer organic component and the fibrous
mineral component, it produces a recycled material with
poor mechanical properties which is suitable for limited
use as a filler or reinforcement in construction. Therefore,
this type of treatment produces a barely valuable material
if compared to the physical properties and functions of the
virgin GFRP material. In order to increase its valorisation
potential, the material must undergo further processing,
with a greater expenditure of energy, to finally obtain a
“fine” grade material, usable as filler for the production of
new composites, for example as a secondary material in
the production of thermoplastics.

On the contrary, co-processing in cement kilns is a hi-
ghly efficient process because it can recover energy from
the waste material and can integrate part of it into the clin-
ker production process. Nevertheless, the fibrous mineral
component of the GFRP waste material lose its physical
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form during the process, and this makes its recovery diffi-
cult for more valuable applications, such as the production
of new composite materials.

In conclusion, the results of this LCA study provide
some general considerations about the possible recycling
and recovery of GFRP material contained in wind turbine
blades, including also an assessment of the environmen-
tal benefits obtainable through the secondary material
valorisation. These outcomes could therefore be used
for future in-depth analysis, by means of the realisation
of further LCA studies on recycling and recovery techno-
logies based on primary data. Finally, they could support
the definition of ecodesign strategies also useful for im-
proving the environmental performance of wind farms life
cycle, taking also into account the dismantling and waste
treatment phases, in order to increase recyclability of its
components and materials and so the overall circularity
of the system.
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ABSTRACT

This work aimed to study the effects of co-disposal of household solid waste
(HHSW) and healthcare solid waste (HCW) on the microbiota of the leachate gener-
ated in experimental landfill cells. To this end, three waste containment units were
built, differentiated by the percentage of HHSW and HCW: HHSW cell (100% house-
hold solid waste), HCW cell (100% healthcare solid waste) and COD cell (cell simulat-
ing co-disposal containing 98% HHSW and 2% HCW). Volume, temperature, pH and
evaluation of the leachate’s microbiota from the cells were monitored over 810 days
of confinement. Culture-dependent methods (quantitative analysis of environmental
contamination indicators and investigation in enterobacteria and Staphylococcus au-
reus), antimicrobial susceptibility patterns, and inhibitory activity were evaluated for
microbiota monitoring. The microbiological characterization of the leachates from
the cells showed no statistically significant differences in total coliforms, Escherichia
coli, enterococci and Pseudomonas aeruginosa densities during the period evaluat-
ed. Enterobacteria of medical importance were identified in the leachates from the
three cells: E. coli, Klebsiella pneumoniaea, Enterobacter sp and Proteus mirabilis. Af-
ter 810 days of confinement, the leachates showed no antimicrobial activity against
S. aureus, P. aeruginosa and Salmonella enterica serovar Choleraesuis. Statistical
analysis of antimicrobial resistance patterns revealed significant similarities among
the three cells. The results suggest no significant differences in the behavior of ex-
perimental landfills containing HHSW and HCW concerning the presence of patho-
genic microbiota.

CISA

1. INTRODUCTION

All waste produced by medical facilities, labs, and
research facilities is referred to as healthcare waste (HCW).
Most HCW is non-hazardous, and 85% in weight is similar
to household waste; the remaining 15%, which may be
radioactive, toxic, or pathogenic, is considered dangerous
(Aziz et al., 2022). The HCW management includes the
stages of minimization, generation, segregation, packaging,
identification, collection, storage, transportation, treatment
and environmentally appropriate final disposal (Santos et
al., 2022).

There are increasing concerns about the negative
impacts of healthcare waste generated in hospitals,

especially in low- and middle-income countries. According
to Mol et al. (2022), median values indicated that HCW
generation was the highest in North and South America
(4.42 and 1.64 kg HCW/bed/day, respectively); Africa was
the lowest HCW producer (0.19 kg HCW/bed/day).

Several types of hazardous waste include infectious,
sharp, chemical, pharmaceutical, and non-hazardous.
Therefore, proper methods for handling HCW must be
considered, and segregation must be implemented (Lee et
al., 2024).

The treatment of HCW in Brazil is an important public
and environmental health issue regulated by various
standards and legislation. The main regulation is Resolution
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222 from the National Health Surveillance Agency
(ANVISA, 2018), which provides for managing waste from
healthcare services. The resolution classifies the HCW into
different groups according to its risk potential (Table ST -
Supplementary Material). In Brazil, some state or municipal
regulations require the thermal treatment (autoclaving) of
part of Group A waste (subgroup A1), such as cultures
and stocks of microorganisms, waste from manufacturing
biological products, culture media and instruments, and
genetic manipulation laboratories. They are treated directly
at the source, usually by autoclaving, and are treated
again (incineration or autoclave processes) after leaving
the healthcare facility. After the second treatment, they
become considered common waste. In some cities, the
same occurs with some biological waste (subgroup A3, for
example, human anatomical parts) that, by law, does not
need to be treated. This causes a burden for municipalities,
especially low-income ones, as thermal treatment systems
are much more expensive than sending them to landfills.

Some researchers consider HHSW a potential agent
for spreading pathogenic microorganisms to humans and
other animals and a vehicle for spreading antimicrobial
drug resistance markers (Nascimento et al., 2009; Chagas
etal,, 2011; Zhang et al., 2012). On the contrary, studies on
the bacterial content of hospital waste indicate that it is
not a very good culture medium for pathogens and disease
transmission (Miihlich et al., 2003).

While it is true that the treatment of HCW is mandatory
in the United States and Europe and similarly required in
Brazil, it is important to consider the economic realities
developing countries face. In many regions, the high
cost of advanced waste treatment technologies presents
a significant barrier to implementation. Advanced
technologies, such as incineration, autoclaving and
microwave ovens, may be inaccessible or limited in scope
due to a lack of technical support or investment (Blenkharn,
2006). Around 891 tonnes of solid healthcare waste in
Brazil are collected daily (Theophilo, 2018). Although
regulations mandate healthcare waste treatment in Brazil,
the financial burden associated with these treatments is
often prohibitive for many municipalities. These costs are
not always sustainable for cities in developing countries,
where resources are limited and competing priorities are
numerous. Therefore, it is crucial to explore alternative
solutions that are both effective and economically feasible
for ensuring public health and environmental standards are
met without imposing undue financial strain on developing
regions.

In this context, the ability to release microorganisms
and substances that compromise the environment
is not inherent to waste originating from healthcare
establishments. Waste generated at home, in commerce
and industry, as well as effluents from water treatment
plants, are known for their contribution to the load of
antimicrobial drugs and sanitizers in wastewater and
microorganisms from different sources of contamination,
such as diapers, condoms, sanitary pads and paper
(Threedeach et al., 2012; Theophilo et al., 2018), as well
as piercing and scarifying materials (Cussiol, 2005;
Theophilo et al., 2017).In contrast, not all waste classified

as HCW results from procedures applied to patients with
infectious diseases, but from plastic surgery, victims of
various accidents (car accidents, falls, cuts) and diseases
non-infectious, like heart disease. Recently, SARS-CoV-2
was detected on HHSW fresh truck leachate in a study
to investigate the potential of SARS-CoV-2 surveillance in
these samples (Lanzarini et al., 2023).

The co-disposal method can be used to treat HCW.
However, this method is only allowed during emergencies
in some countries (Lee et al., 2024).

Because of the disposal of solid waste in landfills,
leachate is currently considered the most impactful
emission from an environmental point of view. Exposure
of the environment to leachate can occur in different
ways: through excessive rainfall, uncontrolled overflow
from equalization ponds, infiltration or failures in treating
leachate discharged into water bodies. The impact
of landfill leachate on microflora and microfauna is
determined by factors such as high concentrations of
organic matter and ammonia nitrogen, as well as other
contaminants carried by the mass of waste (Liu et al,
2011; Costa et al., 2019). In this sense, the landfill is a
complex heterogeneous system in terms of its physical,
chemical and biological characteristics, where different
microorganisms coexist and interact (Szytak-Szydtowski
and Kornittowicz-Kowalska, 2011).

The characteristics of the leachate generated from the
disposal of solid healthcare waste in landfills can be similar
to those of hospital wastewater (Novo and Manaia, 2010).
The entry of hospital-origin bacteria into an environment
can represent a significant source of the spread of
antimicrobial resistance (Prado et al., 2008). In particular,
the occurrence of antibacterial agents in the environment
raises concerns about environmental risks and the spread
of antimicrobial resistance among microorganisms
(Chagas et al., 2011). Whether products with antimicrobial
activity are transported into the environment from human
or animal sources, select antimicrobial-resistant strains of
bacteria, or cause deleterious effects on water quality are
controversial but unresolved issues (Chang et al., 2010).

The confinement of waste in landfills can provide
microbial communities with the right conditions for their
interactions and successions, making leachate a vehicle
for multidrug-resistant microorganisms and producers of
pathogenicity mechanisms (Liu et al., 2019).

This study aimed to investigate whether healthcare
solid waste and household solid waste differ significantly
in terms of their microbiota and their pathogenic
potential when confined in a landfill. For this purpose, the
presence and the diversity of pathogenic microorganisms
and phenotypic characteristics were analyzed using
experimental landfills for the confinement of household
solid waste and healthcare solid waste.The novelty
of this work lies in comparing the microbiota and
pathogenic potential of healthcare solid waste and
household solid waste when confined in a landfill. This
study investigated potential differences by analyzing the
diversity of pathogenic microorganisms and phenotypic
characteristics in experimental landfills dedicated to each
waste type.
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2. MATERIALS AND METHODS
2.1 Landfill experimental cells

The study was carried out by monitoring leachates
generated from three landfill experimental cells. The
site chosen to construct the experimental cells was the
Recycling and Composting Plant of Jacarepagud, which
belongs to COMLURB (Municipal Urban Cleaning Company
- Rio de Janeiro Municipality, Brazil). Three experimental
cells were built, arranged side by side, separated by a
distance of 2.0 m each other (top of slope) in a total plane
area of 129 m? model as shown in Figures S1a, b and ¢
(Supplementary Material).

Implementation steps followed the essential criteria
for the construction of landfills (Brazilian Association of
Technical Standards- ABNT NBR 15849, 2010), such as
liner system, waste compaction, drainage of the leachate,
rainwater and gases, input control waste (weighing),
solid waste disposal, coatings with a layer of soil and
environmental monitoring.

The cells were identified as the composition of their
waste. The HHSW cell comprised 100% household solid
waste and 43.350 tonnes of mass. The HCW cell comprised
100% infectious healthcare solid waste and a mass of
13.680 tonnes. The third cell, the COD cell comprised 98%
of HHSW and 2% of HCW, with a mass of 43.207 tonnes.
This composition corresponds to the mass percentage of
urban solid waste sent to the final disposal units of the
public system of the city of Rio de Janeiro (PMGIRS, 2024).

HCW was deposited in the cell as they were collected
from the generating units and belonged to groups A, D
and E (Table S1, Supplementary Material). According to
Brazilian legislation (ANVISA, 2018), subgroup A1 waste
cannot leave the generating unit without prior treatment.
This waste is autoclaved but still leaves the units belonging
to subgroup A1. The other groups, for which no prior
treatment was required, were disposed of as they were
collected at the generating unit. HCW from Group E was
disposed of in cardboard boxes at the generating unit and
received no treatment before final disposal.

Each cell had the following dimensions: 4.5 m lower
base, 6.0 m higher base, 5.0 m high and 6.0 m side
length, totaling 157.5 m® volume capacity. For forming
embankments and bases of cells (berms), construction
wastes were used. The base and sides of the cells were lined
with a high-density polyethylene (HDPE) geomembrane
liner, with 1.0 mm thickness. The drainage gutters were
excavated manually, and the center of the cell had a depth
of 30 cm wide and 4.0 m long. After HDPE (high-density
polyethylene) geomembrane, drainage trenches are filled
with a layer of geotextile (Bidim 400.5 x 2.5 m). In sequence,
the drainage system was installed, consisting of a tube
canaflex type, connected to a PVC tube receiver coupled
to a 50 mm PVC-registration union 50 mm and a tap with a
90° curve exit for collection samples. The tubes containing
the trenches were filled with crushed n°. 3, starting at a
height of 10 cm (back of the cell) and deepening 30 cm
(front cell). The Bidim was then folded over the gravel bed,
wrapping it completely. Besides filtering the effluent, this
device facilitates its flow, avoiding clogging. Vertical drains

were built in a circular section with PVC pipe DN 100 mm
perforated (3/8 mm holes), 2.3 m long, and a wire mesh
of 1 m wide and 2 m long. The system extended from the
base of the waste mass to 20 cm above the surface layer
of clay. The tube was disposed of at the center of the cell,
on the drainage leachate. Then, the wire screen is arranged
around the pipe, 10 cm, and its side was stitched with wire
to wrap around it. The space between the tube and the
screen was filled with crushed stone n° 3. After filling the
cells and surface waterproofing, galvanized iron burners
were attached to the PVC pipe because there was no
intention to collect gas generated during the experiment.

2.2 Gravimetric composition of waste

The gravimetric composition consisted of determining
the percentage fractions of different types of waste
obtained by sampling the collections made in the following
neighborhoods in the municipality of Rio de Janeiro. One
240L container of waste was taken from the contents
of each truck. The waste was homogenized using a
mechanical shovel. HCW was collected on 2 consecutive
days from the route of various healthcare establishments.

Samples were collected using the quartering method
(ASTM, 2003). After homogenization, the waste was
divided into four equal parts. From each part, two samples
were taken from diametrically opposite positions. Each
sample was equivalent to a 200L container. The total
amount sampled at this stage was approximately 1600L.
The quartering procedure was repeated thrice on the split
samples, reducing the total sampled to 800L, 400L and
200L (final sample). From the 200L sample, the materials
were separated and differentiated into 11 components:
Paper, Cardboard, Plastic (polyethylene, polypropylene,
polystyrene), Glass (colorless/colored), Metal (ferrous/
non-ferrous), Textiles, Putrescible Organic Matter, Wood,
Electronics, Inert materials and Others.

The components separated by the methodology
proposed in this project to determine the gravimetric
composition of household waste were assessed for the
presence of hazardous waste. They were characterized by
previously determined elements, as shown in Table 1.

2.3 Leachate Collection

Leachate were drained daily through the tap until the
cell was empty. The samples were preserved by packaging
at a temperature below 4°C for later carrying out the
physicochemical and microbiological analyses.

2.3.1 Physicochemical analyses

The pH and temperature were measured. For
temperature measure, a mercury glass thermometer with a
scale of -10 to 100°C was inserted into the volume of liquid
used to measure the temperature. The temperature in the
external environment was also measured.

2.3.2 Microbiota analyses- culture-dependent methods

Total coliforms, Escherichia coli and enterococci

The analyses were carried out following the APHA
(2012). The densities of total coliforms, Escherichia coli
and enterococci were expressed as the Most Probable
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TABLE 1: Potentially hazardous components of HHSW.

Component Potentially infectious or chemical constituents
Paper Toilet paper; Paper towel
Plastic Disposable syringe; Shaving razor; Flexible rods; Serum bottles; Absorbent; Disposable diaper; Hair dye gloves; Vaginal

applicator; Bandages; Chemical product bottles

Glass Shards; Ampoule; Lamp; Medicine bottles

Putrescible organic matter Animal feces, Carcasses, animal parts

Metal Needle; Pin; Open can; Nail, screw, tack; Staple; Cutlery; Razor blades; Rebar; Chemical bottles; Pill bottle
Rubber Procedure gloves

Textile material Bandage; gauze; cotton; adhesive plaster; burlap

Other Cat sand; ceramic shards, wood splinters

Numbers per 100 milliliters of sample (MPN 100 mL")
and determined using the Multiple Tube Technique.
Pseudomonas aeruginosa

The multiple tube technique determined the analysis
according to ISO 16266 (2006). The method consisted
of inoculating serial dilutions in asparagine broth (5
tubes per dilution) followed by incubation at 36°C +
0.5/24-48h.

Total aerobic mesophilic heterotrophic bacteria

The deep plating technique was used with Tryptone
Glucose Yeast Extract Agar (“Plate Count Agar”), starting
with dilutions 107, 10?2, 10® and 10*. The samples were
analyzed in duplicate for each dilution and incubated at
36°C + 0.5/24-48h. Heterotrophic bacterial populations
were expressed as Colony Forming Units per milliliter
sample (CFU mL").

Enterobacteria testing

For the isolation of enterobacteria, an inoculum taken
from the leachate sample was transferred to eosin
methylene blue agar (EMB agar), and plated in duplicate,
followed by incubation at 35-37°C for 24 hours.
Suspicious colonies were selected, and the
identification of the bacterial species was based on the
phenotypic characteristics provided by conventional
biochemical tests following the ANVISA (2013) for
the detection and identification of bacteria of medical
importance, which indicates the following tests as
the main ones for identifying enterobacteria: oxidase,
lactose fermentation, glucose fermentation, L-lysine
decarboxylation, gas production, use of citrate as the
sole carbon source, indole production, hydrogen sulfide
(H,S) gas production, urease production, phenylalanine
deaminase production and motility. The complementary
tests were used for the beta-galactosidase (ONPG),
ornithine decarboxylation, arabinose fermentation, and
tryptophan deamination tests.

Confirmation of the identification was made using
the API (Analytical Profile Index) System program for
detecting similarities between species.

Salmonella testing was based on ISO 6579 (2017). The
test consisted of the selective enrichment of 1 mL of
the crude sample in 10 mL of Kauffmann'’s tetrathionate
broth, added to an aqueous iodine solution and a 0.1%
brilliant green solution. After incubation, an inoculum of
the broth was transferred to plates with the selective-
indicator media Salmonella-Shigella agar (SS agar)

and xylose lysine deoxycholate agar (XLD), followed by
incubation at 35-37°C for 24 hours. Slide agglutination
tests using polyvalent serum “0” (Probac do Brasil
Produtos Bacteriolégicos Ltda.) confirmed colonies
indicative of Salmonella.

Staphylococcus aureus testing

The occurrence of Staphylococcus aureus was recorded
as presence or absence. As a selective enrichment
method, 10 mL of the raw leachate was transferred to
salt mannitol broth, followed by incubation at 36°C *
0.5/ 24 hours. After this period, the culture was sown
on salt mannitol agar with egg yolk (20g/L) in triplicate,
followed by incubation at 36°C + 0.5 for 24 hours
(McFaddin, 1977). Colonies that were translucent yellow
surrounded by a precipitation halo were subjected to
the catalase and coagulase tests (Nascimento et al.,
2009). Staphylococcus aureus (ATCC 6538) strains
were used as a positive control, and Enterococcus
faecalis (ATCC 11700) as a negative control.
Susceptibility of the isolated strains to antimicrobials
According to the CLSI (2023), the agar diffusion method
was used for this analysis. Pure colonies of recently
cultured bacteria (18-24 hours) isolated from non-
selective culture medium were suspended in sterile
saline solution (0.85% NaCl) until turbidity compatible
with 0.5 on the Mac Farland scale (106 CFU/mL) was
obtained. A sterile swab was soaked in the bacterial
suspension and then sown gently in all directions on
the plate (five directions), trying to cover the entire
surface. The disks were deposited on the surface of
the inoculated medium. The plates with the disks were
incubated in a bacteriological oven at 36°C for 18 to 24
hours.

Based on the diameters of the inhibition halos, the
samples were defined as susceptible or resistant to
each of the antimicrobials tested, using standards
established by CLSI (2023). Standard strains of E.
coli (ATCC 25922), P aeruginosa (ATCC 27953) and S.
aureus (ATCC 25923) were used as a quality control.
In this study, the intermediate susceptibility profile was
considered resistant. For the strains of enterobacteria
isolated in the leachate, the following antimicrobials
were selected according to CLSI (2013): Ampicillin
(10pg);  Amoxicillin-clavulanic  acid ~ (20/10pug);
Cefoxitin (30ug); Cefazolin (30ug); Cefotaxime (30ug);
Ceftazidime (30ug); Cefepime (30ug); Amikacin (30ug);
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Gentamicin (10ug); Meropenem (10ug); Imipenem
(10ug); Ciprofloxacin (5ug); Aztreonam (30ug) and
Sulfamethoxazole-Trimethoprim  (25pug).  For  the
enterococcistrainsisolatedintheleachate,the following
antimicrobials were selected according to CLSI (2013):
Ampicillin (10pg); Oxacillin (10ug); Gentamicin (10ug);
Gentamicin (120ug); Streptomycin (10ug); Streptomycin
(300pg); Cefoxitin  (30pg); Ciprofloxacin  (5ug);
Teicoplanin (10ug); Sulfamethoxazole-Trimethoprim
(25pg) and Vancomycin (30ug). For the Pseudomonas
aeruginosa strains isolated in the leachate, the following
antimicrobials were selected according to CLSI (2013):
Amikacin (30ug); Gentamicin (10ug); Meropenem (10
ug); Imipenem (10ug); Ciprofloxacin (5ug); Aztreonam
(30pg); Cefotaxime (30ug); Ceftazidime (30pg);
Cefepime (30uQ); Piperacillin/Tazobactam (100/10ug).
Search for ESBL-producing enterobacteria (extend-
ed-spectrum beta-lactamase enzymes)

The procedure recommended by CLSI (2023) included
an initial screening test using disk diffusion by
analyzing the inhibition halos obtained using disks of
third-generation cephalosporins and aztreonam The
presence of inhibition halos smaller than 22 mm for the
ceftazidime disk (30 pg), < 27 mm for the cefotaxime
disk (30ug), < 25 mm for the ceftriaxone disk (30ug) or
< 27 mm for the aztreonam disk (30ug) should raise the
suspicion of ESBL production (CLSI, 2013). To confirm
the phenotype, the disk approximation test proposed by
Jarlier et al. (1988) was used (Zemelman et al., 2002,
Dalmarco et al.,, 2006). This method placed a disc
containing amoxicillin and clavulanic acid in the center
of a Mueller-Hinton agar plate. Around this, the marker
antimicrobials (Aztreonan, Cefepime, Ceftazidime
and Cefotaxime) were positioned at 20 mm from the
amoxicillin-clavulanate disk. The appearance of a
“ghost zone” or the widening of the cephalosporin
inhibition halo confirms the production of ESBL. The
standard strain Klebsiella pneumoniae (ATCC 700603)
was used as a positive control for the test. In contrast,
Escherichia coli (ATCC 25922) was used as a negative
control.

2.4 statistical analysis

The data obtained from determining the volume
of leachate and rainfall at the site was analyzed using
Pearson’s correlation coefficient. Pearson correlation
is a statistical technique used to measure the degree of
relationship between two variables. Pearson correlation
coefficient takes values between -1 and 1, where 1, 0, and
-1 indicate a perfect match, no correlation, and perfect
negative correlation, respectively (Berman, 2016).

The data obtained from determining microbiological
parameters was applied to Box Plot graphs and subjected
to statistical analysis using non-parametric tests.

The Kruskal-Wallis test was used to compare the
medians (the null hypothesis in Kruskal-Wallis testing was
Ho) of the population densities of total coliforms, E. coli,
Enterococci and P. aeruginosa and pH, with a confidence
level of 95%. When the value of the Kruskal-Wallis test
statistic indicated that at least one pair of sample groups

was different from the others, the multiple comparisons
test should be applied, as suggested by Siegal and
Castellan (1988).

Fisher's exact probability test was applied to check
the similarities between antimicrobial susceptibility
profiles. This test requires the samples to be random and
independent, where the classes are mutually exclusive, and
the measurement levels are on a nominal scale (Siegel and
Castellan, 2008). An advantage of this test is that there are
no restrictions on the sample size of each cell.

Statistical tests were performed on Statistica version 7.

3. RESULTS AND DISCUSSION
3.1 Cell content and waste composition

The mass of waste needed to fill the HHSW and COD
cells was approximately 3 times greater than that of HCW
needed to fill HCW. The differences in the specific weight
of HCW and HHSW explain this fact. This characteristic is
related to the compression or compaction properties of
the waste. The HHSW deposited in the HHSW and COD
cells had a specific weight of 320 kg/m?3, while the waste
disposed of in the HCW cell had a specific mass of 101
kg/m3.

Figure 1 (a and b) shows the gravimetric composition
of the HHSW destined for the cells. The highest percentage
found among the components was the putrescible organic
matter, represented by the remains of processed food,
expired food, fruit and vegetable peelings and feces. As
for the recyclable components of HHSW, plastic had the
highest percentage among potentially recyclable materials
(19%w/w), followed by paper (16% w/w). The waste
compositionthatfilledthecells (HHSWand COD)is similarto
the mean composition of Brazilian solid waste (SNIR, 2024).
Figure 1 (c and d) show the percentages of the components
identified as HCW. Of the total recyclable materials, plastic
products accounted for the most considerable fraction
(38% w/w), followed by “Other” components (31% w/w).
In contrast to HHSW, the “organic matter” component
in HCW, represented by anatomical parts, blood,
viscera, and food scraps, is found in a lower percentage
concerning recyclable materials, contributing 13%.

Common solid waste was also found with the HCW,
such as leftover food, yogurt pots, cookie wrappers and
soda bottles, revealing the poor management of this
waste in hospital environments, mainly due to the lack of
preparation of healthcare professionals.

In the context of this study, it was essential to highlight
the presence of materials with infectious piercing or
scarifying potential originating in the home. The infectious
portion of HHSW was characterized by 859 kg of waste
collected from 22 residential districts in Rio de Janeiro
municipality. Voudrias et al. (2012) determined the
composition and production rates of pharmaceutical
and chemical waste produced by a Hospital in Greece
and found that the total production of chemical waste
comprised 1.8% w/w of the total hazardous medical waste
produced by the hospital.

Around 17% of the mass of HHSW collected
corresponded to hazardous waste. Plastic was
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FIGURE 1: Gravimetric composition of the (a) HHSW destined to fill the HHSW and COD Cells; (b) fraction “Other”; (c) HCW destined to fill

the HCW and COD Cells; and (d) fraction “Other”.

predominantly used as a potentially infectious or chemical
material. Figures S2, S3 and S4 (Supplementary Material)
show the identification percentages of these materials
according to the main component. Around 25% of the
sample’s paper/cardboard and plastic components were
identified as potentially infectious (hazardous waste)
(Figures S2 and S3 - Supplementary Material). Regarding
the organic fraction, around 1.53% showed infectious
characteristics (Figure S4 — Supplementary Material).

Materials such as needles, razors, vaginal applicators,
disposable syringes and gloves, flexible rods, dye gloves,
ceramic shards and condoms were detected. However,
their percentage was less than 0.01% in HHSW. Based on
the information from the analysis of the composition of
HHSW and HCW, both had in their composition medicines,
drugs, used diapers, sanitary napkins, condoms, disposable
clothing, food waste, sanitary paper, disinfectant bottles,
and other chemical substances such as cresols and
ammonia, solvents, pigments, batteries and sharp
materials (hypodermic needles) and scarifying materials
(razor blades).

3.2 The volume of leachate produced

In this study, leachate generation was constant, and the
efficiency of the drainage and collection system installed
in the cells was proved. The mean volumes of leachate
generated in the cells each month and the rainfall in mm
measured at the pluviometry station are shown in Table 2.

When comparing the mean volumes of leachate generated
during the month with the pluviometry using Pearson
correlation analysis, a perfect positive association was
found between the values (>0.8). A Pearson coefficient
greater than 0.7 indicates a strong correlation between two
variables (Berman, 2016). Therefore, the results indicate a
positive and strong correlation between the rainfall and
leachate generation.

During the driest season (winter), a lower volume
was generated in the systems of the 3 cells (maximum
volume values of 28.3, 47 and 55.2 L for HHSW, HCW and
COD cells, respectively). During the rainiest periods of the
year (summer) in the municipality of Rio de Janeiro, the
volumes reached maximum values (254, 327.5 and 450 L
for HHSW, HCW and COD cells, respectively).The presence
of water in the waste due to the initial humidity and the
rainfall that infiltrates are important mainly for the first
step of anaerobic degradation (hydrolysis), promoting the
dilution of inhibitory agents and facilitating the distribution
of microorganisms and nutrients in the MSW mass.

The volume of percolate produced in sanitary landfills
depends on the following factors: precipitation and
evapotranspiration in the landfill area; surface run-off;
underground infiltration; natural humidity of the waste mass;
degree of compaction of the waste; moisture retention
capacity of the waste mass (Costa et al., 2019). In addition,
the quality of a landfill's operation affects the amount of
leachate produced. Operational care with adequate cover
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TABLE 2: Average values of leachate generation and rainfall per monitoring month. HHSW - Household Solid Waste; HCW - Healthcare

Waste and COD - Co-disposal of HHSW and HCW.

Average leachate volume (L) generated in each cell per month of monitoring

Accumulated rainfall per

Season/ Year

HSW HCw cop month of monitoring (mm)
Spring - Year 1 115 233 159.5 179.2
152.5 327.5 398 82.8
Summer - Year 1 26 84 80.5 452
3 6.2 5.8 123.6
447 80.4 139.9 154.6
Autumm - Year 1 27.4 58.9 88.6 113.6
8.9 21.6 20.4 34
17 28.6 55.2 49.4
Winter - Year 1 7.4 11.6 14.3 51.6
28.3 47 27.8 32
20.7 100.9 140.5 160.4
Spring - Year 2 26 26.9 19 88.2
40.2 359 39.6 204
48.9 48.9 87 155.4
Summer - Year 2 16.5 239 24.3 48.6
6 8.1 9.9 80.6
5.1 49 6 119.4
Autumm - Year 2 113 109.2 167 148.8
117.4 100.5 162.5 156
15.8 22 24.3 54.6
Winter - Year 2 19.9 27.2 36.7 16.8
22 11.2 30.3 88.4
39.6 31.3 47.8 44.4
Spring - Year 3 77 61.5 141 94.2
45 65.5 88.9 28.4
126 91 245 125
Summer - Year 3
254 225 450 128.6

can reduce the amount of leachate generated, even in
conditions of heavy rainfall (Gomes and Silva, 2005).

In this study, some factors were equivalents among
the cells, such as environmental conditions (local rainfall,
external temperature, and wind regime), constant cover
layer material, absence of a vegetation cover layer and
construction aspects (occupied area, slope inclination,
drainage system and base waterproofing). Other factors
were different, such as the percentage of recyclable and
organic material in each cell and the degree of compaction
of the waste and the cover layer.

3.3 pH and temperature

It was expected that during this first decomposition
stage, there would be an increase in temperature because
the oxygen present in the spaces between the newly buried
waste is quickly consumed by aerobic microorganisms,
producing carbon dioxide, water and an increase in
temperature. However, the values indicate no variations in
the 342 temperature measurements taken directly on the
liquids leached from the cells (low standard deviation).

Among the cells, the mean values were not statistically
different (HSW cell=29.1+0.8°C; HCW cell=28.4+0.5°C; COD
cell=28.6+0.6°C). The mean leachate temperature was in
the mesophilic range (between 25 and 45°C), which is
suitable for the growth of most pathogenic microorganisms,
as well as indicators of environmental contamination.

The pH monitoring results are shown in Figure
S5 (Supplementary Material). The pH values showed
statistically significant differences. The average values
and ranges for the HHSW, HCW and COD cells were,
respectively, 7.0 (5.8-7.7), 6.8 (5.6-7.4) and 7.2 (6.7 - 7.7).
Only one observation with a pH of 5.8 was obtained in the
HHSW cell after 15 days of confinement and one with a
pH of 5.6 in the HCW cell after 45 days of confinement,
which can be explained by the acidic characteristic of the
leachate in the initial stages of biological degradation of
the organic matter present in the solid waste (Kjeldsen et
al., 2002; Costa et al.,, 2019). The fact that the pH of the
COD cell does not reduce to weak acid at the beginning of
confinement can be explained by the heterogeneous nature
of the waste. Alkaline materials, such as construction
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waste, can increase the leachate pH. However, the pH
results of the leachate generated in the 3 cells point to the
optimal range for bacterial growth, between 6.5 and 7.5
(Kjeldsen et al., 2002) in all the observations after 45 days
of confinement.

Other physicochemical parameters and ecotoxicity
(organisms Danio rerio and Vibrio fischeri) of the HHSW and
HCW cells at different monitoring times were statistically
evaluated by Costa et al. (2019b). This study concluded
that leachate from healthcare solid waste presented less
or equal polluting potential compared with household
solid waste: Values for organic matter parameters (COD-
Chemical Oxygen Demand, TOC-Total Organic Carbon,
BOD-Biochemical Oxygen Demand and Absorbance at
254nm), color, hardness, conductivity, sulfate, alkalinity,
chloride, total solids were significantly higher from HHSW
cell than HCW cell. Phosphorus, ammonia nitrogen and
metals showed results statistically similar for both cells.
Comparing EC50-50% Effective Concentration (for V.
fischeri) and LC50-50% Lethal Concentration (for Danio
rerio), the results showed that the HCW cell generated
leachate that presented less or equal toxicity than the
HHSW cell.

3.4 Microbiota analyses- culture-dependent methods

Figure 2 (a, b, ¢ and d) shows the boxplot of the log of
forthe total coliform, E. coli, Enterococci and P. aeruginosa
densities in the 3 cells. Table S2 (Supplementary
Material) shows the mean values and variations for these
measures.

The comparative evaluation of the cells showed
similarities between the values observed, highlighting
the biochemical versatility of this microorganism and its
ability to survive in different environments. The bacterial
populations of total coliforms, E. coli and P. aeruginosa in
the three cells showed no statistically significant difference
(p>0.05) over 810 days of monitoring (54 observations)
when subjected to the Kruskal-Wallis test. Enterococci
density from HCW presented a significant difference
compared to other cells presenting lower values.

By dividing the monitoring time into two phases, the
first year and the second year, the results were different:
the statistical evaluation showed different results for
each year of analysis: 25 observations referring to the
first year of monitoring and 29 observations referring
to the second year of monitoring. In the first period
evaluated, the bacterial populations of total coliforms,
E. coli, enterococci and P aeruginosa in the three cells
showed no statistically significant difference (p>0.05)
when subjected to the Kruskal-Wallis test. However, in the
second year evaluated, the data show that only for the P
aeruginosa population, the values are not statistically
different for the three cells. The leachates from the cells
showed different values for the total coliforms, E. coli and
enterococci densities. There were no differences between
the values of the HHSW and COD cells for any bacterial
populations evaluated. However, when comparing HHSW
and HCW cells, there were differences in the densities of
these bacterial populations. Analysis of the average of the
29 observations in each cell indicated that the density of

total coliforms and E. coli was higher in the HHSW cell than
in the HCW cell. When comparing the HCW and COD cells,
there were differences in the values obtained for the total
coliform and enterococcus populations, with the lowest
value for the HCW cell, while for the E. coli parameter, the
values were significantly the same.

It was not possible to establish a correlation between
the values observed and the time of confinement.
Populations of total coliforms and E. coli were detected
at 15 days of confinement (first observation) and 810
days of confinement (last observation) in the 3 cells. The
results point to understanding the solid waste landfill as
a dynamic biological system in which different microbial
growth phases occur simultaneously.

Smaller enterococci density was obtained in the HCW
cell in most observations. This result may be associated
with the absence of fresh feces in the HCW, as opposed to
the HHSW, whose gravimetric composition includes human
feces and, above all, the mammals and birds feces, as well
as materials from domestic animals (sand and absorbents
for hygiene). The increase in the population of animals in
households has been considered a public health problem
due to the presence of pathogenic microorganisms and
because they are reservoirs of antimicrobial-resistant
bacteria, such as vancomycin-resistant enterococci (VRE)
(Cinquepalmi et al., 2013).

Another point to note is the presence of Escherichia
coli in most of the observations, which has the highest
population density among the microorganisms in the
coliform group. This result indicates that the solid waste
confined in landfills provides the conditions for E. coli to
survive and develop, even outside the intestinal tract. The
intestinal tract is the primary habitat of this microorganism.
For some authors, Escherichia coli did not demonstrate the
ability to survive well in the environment, i.e., in secondary
habitats such as surface water, sediments and soil (Ishii
et al,, 2007). However, it has been shown that E. coli can
survive in these environments for long periods and grow,
even in temperate climates (Ibekwe et al., 2011).

As a strict aerobic microorganism, detecting P
aeruginosa throughout the experiment indicates that the
landfill has aerobic points among the various accumulated
materials. The oxygen dissolved in the rainwater supplies
its growth needs. This strengthens the hypothesis that
such specialized degraders are favored in the lack of easily
degradable organic matter and the initiation of oxygen
penetration (Remmas et al., 2017). Song et al. (2015),
using 454 pyrosequencing, showed that Pseudomonas
dominated in landfill leachate in China and in the solid
phase of landfill refuse (2017).

Saini et al. (2004) confirmed that non-hospital
waste contains more pathogens than HCW and that
the microbiota present in HCW and non-hospital waste
are similar. For Souza (2003), with a few exceptions,
pathogenic microorganisms do not resist environmental
conditions external to the human body and other animals,
which makes environmental contamination in the medium-
and long-term equivalent to that of HCW.

Comparisons were made between the average
bacterial population densities of the waste that filled the
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FIGURE 2: Boxplot of results of microorganism densities. (a) total coliforms (b) E. coli (c) Enterococci (d) P. aeruginosa. Results 810 days
of confinement (n=54). All results (y-axis) are reported as the logarithm of the most probable number (MPN per 100mL).

cells and the average values observed in the last 90 days
of monitoring. Before confinement, samples were taken of
the accumulated liquid from the basins of the trucks that
transported the waste. Figure 3 shows that confining the
waste reduced the bacterial density in HHSW and HCW
cells. As described by Mangimbulude et al. (2009), it is
possible to observe a decrease in the absolute load of
parameters such as microorganisms, ammonia and heavy
metals in landfill leachate.

Based on the data obtained from the microbiota
characterization using cultivation-dependent methods, the
leachate generated in the HCW cell showed lower values for
total coliforms, Escherichia coli and enterococci compared
to the other cells. The values for the same parameters were
significantly similar for HHSW and COD. To this end, the
multiple comparison test was used, suggested by Siegal
and Castellan (1988). Analysis of the median indicated
that the population of enterococci was lower in the RSS
Cell than in the others.

Table 3 shows the densities of heterotrophic bacteria
detected in the leachate from the three landfill cells.
These bacteria were detected in all observations and had
compatible average densities considering the standard
deviations. The maximum values were observed in the
3 cells after 165 days of confinement, the minimum
values after 300 days for the HHSW cell, and 480 days of
confinement for the others.

The diversity and concentration of heterotrophic
bacteria determined by an analytical method will depend
on the variables of that method, which include the
composition of the medium, the incubation time and
temperature, and the inoculation technique. Only a tiny

proportion of the metabolically active microorganisms
present in the sample will grow and be detected depending
on these variables. These results can also vary significantly
among different sites, periods of year and even between
consecutive samples taken at the same site (Gomez et al.,
2012).

Figure 4 shows the number of strains isolated in the
cell leachate in 54 observations collected over 810 days of
monitoring, highlighting the prevalence of 3 strains: E. coli,
K. pneumoniae and Enterobacter sp. According to Adeyeba
and Akimbo (2002), landfill leachate is generally considered
free of pathogenic organisms due to its inactivation under
adverse conditions during waste degradation. However, in
the present study, 192 strains of enterobacteria of medical
importance were isolated in the leachate samples from the
3 cells.

In order to evaluate the profiles of bacteria identified
in the cells in association with the time of confinement,
isolation patterns were generated in two periods: the first
year and the second year of confinement, as seen in Table
S3 (Supplementary Material). The patterns observed in the
second year showed greater diversity than in the previous
year for the 3 cells. Enterobacter sp, K. pneumoniae, E. coli,
and P. mirabilis were identified in all samples. The detection
of strains of Salmonella spp, Providencia rettgeri, K.
oxytoca, C. frelindii and Pantoae sp occurred in the second
monitoring year in the HHSW and COD cells and of Serratia
sp and K. oxytoca in the HCW cell.

The occurrence of pathogenic microorganisms in HCW
landfill leachate was reported by Nascimento et al. (2010),
who identified strains of Citrobacter sp, Providencia sp,
Klebsiella sp, Proteus sp, E. coli, Hafnia sp, Morganella sp,

82

B.R. Quintaes et al. / DETRITUS / Volume 29 - 2024 / pages 74-87



1.00E+10

1.00E+08

1.00E+06

1.00E+04

MPN/ 100mL

1.00E+02

1.00E+00

Total coliformes

E. coli

mWHHSW - Before
B HCW - Before

Enterococci

OHHSW - After
OHCW - After

P. aeruginosa

FIGURE 3: Results of microorganisms’ density before and after (last 90 days) confinement for HHSW and HCW cells.

25

\.}
(=]

—
w
1

number of isolations
i
()

wn
1

=0

T
> > oo
O & N

8 >
& < ‘045\

-
S

& &
s R ; (50 %6
¢ S (@} e

isolated strain

EHHSWEHCW OCOD

FIGURE 4: Number of enterobacteria strains isolated in cell leachate over 810 days of monitoring.

Salmonella sp, Shigella sp and Serratia sp.

3.4.1 Search for Staphylococcus aureus

No Staphylococcus aureus was isolated from the
54 leachate samples generated in each cell. This result
suggests that it is difficult for this bacterial strain to recover
or survive in the leachate due to adverse factors such as

TABLE 3: Mean, maximum and minimum (in brackets) density of
heterotrophic bacteria of leachate generated in waste disposal
cells (n=43).

Microorganism/ Landfill

Cell HHSW HCwW cob

9.6x10°
(50-2.8x107)

1.3x10°
(20-2.6x107)

1.0x10°
(30-2.5x107)

Heterotrophic bacteria
(CFU/ mL)

microbial competition, metabolism products, the antibiotic
activity of the microbiota, pH, conductivity, heavy metals,
medicines, disinfectants and other sanitizers, paints and
solvents. This result is consistent with that Grisey et al.
(2010) obtained when assessing the transit and survival
of pathogenic bacterial populations in an aquifer under the
Etueffont landfill site in France. Cussiol (2005) described
landfill leachate as not offering adequate and sufficient
nutrients for developing S. aureus.

Therefore, it can be considered, by the -culture-
dependent methods, that the co-disposal of hospital waste
and household waste does not differ from the disposal
of only household waste and that the fraction of hospital
waste collected in the municipality of Rio de Janeiro does
not interfere with the microbiota of landfill leachate.

B.R. Quintaes et al. / DETRITUS / Volume 29 - 2024 / pages 74-87

83



3.4.2 Susceptibility of the isolated strains to antimicrobials

Table 4 shows the overall results of the susceptibility
of the isolated strain to antimicrobials. Regarding to en-
terobacteria strains isolated in the HHSW cells, all samples
exhibited sensitivity to gentamicin (GEN) and ciprofloxacin
(CIP). In contrast, in the HCW cell, sensitivity was observed
to amikacin (AMI), aztreonam (ATM), GEN, cefepime
(CPM), and CIP. Conversely, complete sensitivity was ob-
served for AMI, CPM, and CIP in the COD cell. Across all
cells, the antimicrobial cefazolin (CFZ) displayed the high-
est resistance percentage.

Furthermore, among the 192 enterobacterial isolates,
various phenotypes, including sensitive (S), resistance to a
single antimicrobial (R1), resistance to two antimicrobials
(R2), and multidrug resistance (MDR), were identified in
the three cells. The prevalence of multidrug resistance
was notably high in all cells, with the highest frequency
observed. Additionally, strains sensitive to the tested
antimicrobials were lower in the COD cell.

Concerning enterococci, this group of microorganisms
demonstrates diverse resistance mechanisms to
antimicrobials, some intrinsic to the group. The resistance
profile of Enterococcus sp. strains to various antimicrobials
was compared among the three cells. It was found that
100% of the strains isolated in the 3 cells were sensitive
to the following antimicrobials: CIP, TEC and VAN. In
the HHSW cell, 9.4% of the strains showed a resistance
profile to AMP; 7.1% of the strains isolated in the HCW cell
were resistant to this antimicrobial, and 7.9% in the COD
cell. Murray (1997) states that vancomycin resistance in
enterococci (VRE) associated with ampicillin resistance is
a combination of devastating therapeutic consequences.
Enterococci have been recognized as a reservoir of
antimicrobial resistance genes with the potential to transfer
them to other bacteria in food-containing environments
(Aslam et al., 2012). Enterococci with resistance to high
concentrations of aminoglycosides (HLAR) have been
described in strains isolated from humans and animals
(Han et al., 2011). No HLAR-producing strains were
detected in cell leachates.

The percentage of phenotypes identified for P
aeruginosa (Figure S6) showed the absence of multidrug
resistance and a prevalent sensitivity to all tested
antimicrobials for the three cells. Strains isolated from
hospital wastewater displayed resistance to carbapenem
antimicrobials (Fuentefria et al., 2011), as well as in the
leachates of the 3 cells in this study, emphasizing the
importance of monitoring antimicrobial resistance in P
aeruginosa within environmental settings.

3.4.3 Detection of ESBL-producing enterobacteria

Screening for the ESBL phenotype (Table S4) indicated
that 32% of the Enterobacteria isolated in the HHSW cell
were classified as potential ESBL producers as per CLSI
(2023) criteria, 30% in the HCW cell, and 44% in the COD
cell. The disk approximation method substantiated the
suspected presence of ESBL-producing Enterobacteria in
15.6% of the strains from HHSW, 10.7% from HCW, and
13.6% from COD.

Figure S7 (Supplementary Material) illustrates the
positive outcomes of the disk approximation method,
demonstrating an increase in the zone of inhibition for
oxyimino-cephalosporins (CTX and CAZ) and monobactam
(ATM) due to synergy with clavulanic acid present in the
amoxicillin-clavulanic acid conjugate disk.

The emergence of extended-spectrum beta-lactamase
enzymes represents a critical resistance mechanism
against third-generation cephalosporins  within  the
Enterobacteriaceae family, particularly noteworthy in
Klebsiella pneumoniae (Vespero et al., 2007). Although
ESBL-producing strains were identified in all three cells,
81% of the 68 suspected Enterobacteria strains tested
were negative. In a related study, Chagas et al. (2011)
investigated antimicrobial resistance patterns in gram-
negative bacteria isolated from hospital sewage treatment
facilities, identifying 44% of the isolated bacteria as ESBL
producers, with K. pneumoniae and Enterobacter cloacae
prominently featured.

3.4.4 Detection of carbapenemase-producing enterobacte-
ria

Screening for carbapenemase production revealed
that 22% of the isolated bacteria were probable
carbapenemase producers in the HHSW cell, 23% in the
HCW cell and 51% in the COD Cell. The modified Hodge
test detected the carbapenemase-producing strains (Table
S5 -Supplementary Material).

3.4.5 Detection of AmpC-producing enterobacteria (ESBLS),
AMBLER Class C

To detect the production of these enzymes in other
bacteria that do not show this phenomenon constitutively,
as is the case with K. pneumoniae, the best way is to
visualize resistance to cephamycin, such as cefoxitin
(CFO0), as this is the best inducer of group C beta-lactamase
production. At the phenotypic level, this phenomenon
was observed in K. pneumoniae strains that screened
positive for ESBL using the modified disk approximation
methodology. Figure S8 (Supplementary Material) shows
the positive result for the presumption of Ambler class C
ESBLs. In 15% of the K. pneumoniae strains isolated from
the leachate of the HHSW cell, in 7.5% of the HCW cell and
in 10% of the COD cell, a junction zone appeared between
CFO and ATM (Aztreonam, a beta-lactam drug), to which
the bacteria were initially sensitive, demonstrating the
decrease in sensitivity caused by the bacteria’'s exposure
to the inducing antibiotic (CFO).

4. CONCLUSIONS

This study simulated three landfill cells for disposal
of HHSW and HCW and co-disposal of both wastes. The
results suggest no significant differences in the behavior
of experimental landfills containihng HHSW and HCW
concerning the presence of pathogenic microbiota. This
finding indicates that pathogenic microbiota patterns
are similar in HCW and HHSW. It does not influence the
leachate characteristics in these landfill models under the
conditions tested.
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TABLE 4: Overall results of antimicrobial activity in cell leachates.

Isolated Total Experimental landfill Antibiotic resistance Antibiotic resistance
number cells pattern results
AMC-11.7%
82%S CFZ-11.7%
17 HSW 18%R1 ESBL- 0%
Carbapenemase - 0%
ESBL Amp - 0%
SUT - 9%
)
ggsfs CFZ-4.5%; CTX-4.5%
. 22 HCW o 4.5% ESBL
E. coli 4.5% R2
Carbapenemase - 0%
ESBL Amp - 0%
AMC - 14%
86%S CFZ-29%
7%R1 IPM - 7%
14 cop 7% R2 ESBL -21%
Carbapenemase - 0%
ESBL Amp - 0%
AMP - 62% AMC - 67%0%
10%S o o
52%MDR CAZ- 4.7% CFZ-76%
- Y - 0,
21 HSW 14%R1 COM 9.5? IMP 4.7{(:
24%R2 CFO-87,5% ESBL - 14%
Carbapenemase-0% ESBL Amp
AMC - 80%
0%S CFO-90%
80%MDR CFZ-100%
Enterobacter sp 10 HCW 0%R1 ESBL- 20%
20%R2 Carbapenemase - 0%
ESBL Amp - 0%
AMP - 8% COM - 8%
0
8.3%S AMC - 50% CFO - 50%
12 COoD gggyg? SUT - 8% CFZ-67%
8 3'0/ |;2 CAZ - 33% Carbapene- ESBL-16.7%
= mase - 0% ESBL Amp - 0%
_ 0,
AMP - 71% CPM - 4.7% CFO - 33%
14%S AMC -5 CFZ - 52%
o1 HSW 48%MDR ATM - 14% CTX-10%
29%R1 SUT- 14% MER-4.7%
9%R2 o ESBL - 28.6%
CAZ-14% ESBL Amp - 15%
Carbapenemase - 19.4% p-io%
_ 0,
12.5%S NS CFZ-81.2%
Klebsiella sp 16 HCw S0%MDR SUT-12.5% IMP - 18.75%
0%R1 CFO - 81.2% ESBL18.75%;
12.5%R2 Carbapenemase - 23.2% | CoB-AMP-7.5%
AMP - 47%
18%S AMC - 470%
53%MDR CFO-41%
20 cobD 20%R1 CFZ-65%
O0%R2 ESBL-17.6%
i Carbapenemase - 27.1%
ESBL Amp - 10%
AMP - 11%
9%S CFO-11%
46%MDR CFZ-11%
n HSW 27%R1 ESBL - 0%
18%R2 Carbapenemase - 0%
ESBL Amp - 0%
AMP - 11%
67%S CFO-11%
22%MDR CFZ-11%
Proteus sp 9 HCW 11%R1 ESBL-33%
0%R2 Carbapenemase - 0%
ESBL Amp - 0%
- o,
, AMP - 73% ATM - 18%
25%S AMI - 9% CAZ - 9%
o, _ o, -7
6 coD S0%MDR CFZ-91% CPM - 18%
25%R1 CTX-36% CFO - 27%
0%R2 ESBL-0% Carbapene- ?

mase-0%

ESBL Amp - 0%

AMP- Ampicilin; AMI = Amikacin; AMC — Amoxicillin+ clavulanic acid; ATM — Aztreonam; GEN — Gentamicin; SUT — Sulfametoxazol-trimetoprim; CAZ — Cef-
tazidime; CPM — Cefepime; CFO — Cefoxitine; CFZ — Cefazolin; CTX — Cefotaxime; CIP — Cipfrofloxacin; IMP — Imipenem; MER - Meropenem
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The following considerations stand out:

+ The cells constructed proved to be a good study model
for the biological parameters of landfill leachate.

+ The values found for the environmental contamination
indicators of the 3 cells suggest that pathogens persist
in the leachate after 810 days of confinement.

+  The landfill system reduced the population densities of
microorganisms that are indicators of fecal pollution
from the start of confinement.

+  The leached liquids from the HHSW and COD experi-
mental cells showed no significant difference in micro-
biota throughout the study. In contrast, results from the
HCW cell showed lower values for total coliforms, Es-
cherichia coli and enterococci than the other cells.

+  The co-disposal of HHSW and HCW did not differ from
the exclusive disposal of HHSW regarding antimicrobi-
al resistance.

+ Microorganisms with a hospital multidrug resistance
profile were similarly isolated in the 3 cells.
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ABSTRACT

This study focuses on the analysis of serpentinite rocks to detect asbestos min-
erals, with a particular emphasis at discriminating chrysotile from other minerals
and matrices (antigorite, lizardite) in serpentinites. The primary objective of this ex-
ploratory study is to lay the groundwork for the development of an innovative sys-
tem for real-time identification of asbestos on the surface of materials and rocks. In
more detail, the study emphasizes the advantages of utilization of rapid and reliable
portable instrumentation, aided by machine learning (ML) techniques. Serpentinite
rock debris from tunnel excavation activities (i.e. tunnel spoil) were collected at the
Cravasco railway tunnelling site (Genoa - Italy) of the TEN-T Rhine-Alps Core Corri-
dor. On-site analysis was conducted using the ASD FieldSpec 4 Standard-Res spec-
trophotoradiometer (350-2500 nm). A two-class classifier was developed based on
acquired reflectance spectra, to discriminate between the “Presence of asbestiform
fibers” and the “Absence of asbestiform fibers”. The classification model was cal-
ibrated through stereomicroscopic inspection and electron microscopy carried on

1. INTRODUCTION

The economic grow is leading to an increasingly inter-
connected world, with the development of new infrastruc-
tures. However, the alteration of natural ecosystems may
cause significant environmental and health risks, that must
be carefully assessed and monitored. In the context of the
circular economy paradigm, a sustainable management is
needed, aimed at preventing the production of waste and
the misusage of resources. To this end, during earth/rocks
excavation (e.g., tunneling works) it could be very useful to
carry out a fast characterization of spoils, that could allow
the real-time sorting of materials. This can be a complex
task, considering the high heterogeneity of natural matri-
ces.

In the case of Green Stones (GS), the presence of Natu-
rally Occurring Asbestos (NOA) minerals constitutes a seri-
ous health risk. Therefore, to ascertain the presence of as-
bestos fibers is crucial to distinguish between by-product
(i.e., inert) and hazardous waste; the latter requiring spe-
cific and expensive environmental and safety measures
(Voit et al., 2020). In European Countries, if the excavated

selected sample fractions.

material contains more than 0.1% of asbestos fibers, it is
compulsory classified as hazardous waste and landfilled
(Paglietti et al., 2016).

The GS are a group of mafic and ultramafic meta-
morphic rocks of magmatic origin made up of different
lithotypes, including serpentinites, mainly used as inert
materials or ornamental stones (Carmignano et al., 2019).
Asbestos is a common constituent, but the mineralogic
composition depends on regional-local geological condi-
tions. In Italy, chrysotile and tremolite asbestos occur often
within serpentinites, the former being the most common
one (Bloise et al.,, 2014). Since it has the same chemical
composition as antigorite and lizardite (i.e., not-fibrous
serpentines), the analysis is complex and is usually car-
ried out in laboratories with expensive instruments (mainly
electron microscopes) and procedures that require many
hours for sample preparation and analysis to get reliable
results (Lee et al., 2008). During spectroscopic analysis,
many minerals such as talc, chlorite, balangeroite and
carlosturanite can interfere and bias the results (Olori et
al.,, 2017). In this context, new tools and instruments can
be tested, which are more and more available for material
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analyses, including Machine Learning (ML) techniques ap-
plied on sensor-generated data (Bonifazi et al., 2019a; Neo
etal., 2022).

We describe a preliminary study carried on with a
promising real-time technique based on reflectance spec-
troscopy, calibrated through standard analytical methodol-
ogies, that has previously showed to allow an affordable
automatic recognition of asbestos inside anthropic ma-
terials (Bonifazi et al., 2019b). The study focuses on ser-
pentinite-based debris coming from tunneling excavations
in Cravasco, near Genoa (Liguria Region-Italy), where two
sections of the Genoa - Milan high-speed railway line are
under construction. The section is called “Unico Terzo Vali-
co di Giovi - Nodo di Genova” and is a portion of the Rhine-
Alps Core Corridor (one of the main European railway
lines). The tunneling activities began in 2014 and should be
completed by 2035 (Webuild-RFI, 2021). As chrysotile was
found, the executive projects were specifically adapted,
including strict safety procedures (IMT, 2024). At first, the
excavated material is placed inside a three-stage confine-
ment (internal storage), then it is moved to a further static
confinement with greater capacity (external storage), from
which the waste is progressively sent to landfills, while the
uncontaminated sub-products are deposited in an adjacent
disused quarry.

2. MATERIALS AND METHODS
2.1 Sampling

In September 2023, twenty-four samples were taken
from the Cravasco tunneling site, specifically from the fol-
lowing areas/lots: 1) quarry front, 2) internal contaminated
debris deposit, 3) internal uncontaminated debris deposit,
4) external contaminated storage. The sample’s number
and location were chosen to obtain composed samples
that are representative of the four investigated areas. Two
different approaches were followed for sampling from the
piles:

at the internal storages and the excavation front, due to
complex operating conditions (static and dynamically
confined environment, instability of the front, difficulty
in transporting large quantities of sample) an incre-
mental approach was used, taking at least 5 aliquots in
different points for each sample;

at the external storage, considering the larger volume
stored, the lower safety risks and the proximity to site
facilities, a greater number of samples was preferred,
each consisting of a single increment, taken in different
points of the storage, both on the horizontal and verti-
cal plane.

The materials present different grain sizes (from deci-
metric blocks to silt) and are mainly composed by serpent-
inites. Within individual lithoid blocks, a compact matrix is
recognizable, made by either dark-grained or bright green,
or bluish minerals, interconnected with friable veins and
aggregates with light shade-whitish colors (Figure 1a).
The humidity is extremely variable, and few samples are
composed mainly by mud. Sometimes, anthropic materials
used in the work were present, such as cement and artifi-

cial vitreous fibers, especially in the quarry front. In detail,
the 24 samples are reported in Table 1.

2.2 On-site reflectance spectra acquisition

On-site, 50 to 100 reflectance spectra were acquired
for each sample using the ASD FieldSpec 4 Standard-Res
portable spectrophotoradiometer, that operates in the Vis—
SWIR regions (350-2500 nm) with a spectral resolution of
3 nm at 700 nm and 10 nm at 1400/2100 nm. The spectra
were acquired in different positions on the sample’s sur-
face, to collect most of the radiometric (i.e., compositional)
variations. To avoid cross and hazardous contamination,
a borate glass was placed between the sample and the
probe. Data acquisition and calibration procedure were
performed using RS3 software (Ver. 6.2).

2.3 Stereomicroscopy

In laboratory, representative fractions (sub-samples)
were manually taken from each sample, via homogeniza-
tion and coning — quartering procedures. To carry out a
fast qualitative analysis by stereomicroscopy, a sub-sam-
ple set were inserted inside borosilicate glass Petri dish-
es (Figure 1b). The capsules were sealed with plasticine,
parafilm and/or adhesive tape, for safety reasons. The in-
strument used was a Leica M205C equipped with an Axio-
cam?208 digital camera, that allows to determine the main
morphological parameters of the elongated particles, such
as aspect ratio, color and presence of fibrils diverging from
a bundle, thus resulting in a screening for asbestos fibers.

2.4 Analysis of the fine fraction

Another sub-sample set was separated by considering
the sampling area (e.g., the quarry front) to get fast quali-
tative results via state-of-art Scanning Electron Microscopy
with Energy-Dispersion Spectroscopy (SEM-EDS). The uni-
fied sub-samples were dried at 110°C, then sieved with a
sieve shaker (Retsch GmbH AS200) to separate the < 106
pUm size particles - that was assumed to contain most of
the eventual asbestos. SEM-EDS was performed with a
Carl Zeiss GmbH Evo MA15 operating at 20 kV in high vac-
uum and mounting a X-Max model X-ray detector (Oxford
Instruments) with a resolution of 127 eV at 5.9 KeV. To
separate and analyze the particles, dispersions at 1% con-
centration were prepared with distilled water, then aliquots
containing 0.1 mg for each sample were filtered onto 0.2
pm pore-size polycarbonate membranes (IMH, 1994). After
drying at room temperature in a bell jar glass desiccator,
filter portions were finally attached to aluminum stubs and
sputtered with gold.

2.5 Analysis of reflectance spectra

Data files acquired on-site with the portable spectro-
photoradiometer were converted into ASCII text files using
ViewSpec Pro, then imported and analyzed in MATLAB
(Ver. 9.12; The Mathworks, Inc., Natick, Massachusetts,
United States) environment with PLS_toolbox (Ver. 8.2;
Eigenvector Research, Inc Manson, Washington, United
States). At first, a 2nd Derivative algorithm (Savitzky—Golay
(S-G) filter) and a Mean Center algorithm were applied on
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TABLE 1: Samples list and information.

SampleID  Sampling area Info
CRAO1 External deposit Block with ~20 cm size and smaller fragments
CRA02 External deposit Fragment with ~10 cm size and smaller fragments
CRA03 External deposit Mud, fragment with ~5 cm size and smaller fragments
CRA04 External deposit Block with ~25 cm size and smaller fragments
CRAO05 External deposit Fragments with ~5 cm size and smaller fragments
CRA06 External deposit Fragment with ~8 cm size and smaller fragments
CRA07 External deposit Fragment with ~10 cm size
CRA08 External deposit Fragment with ~3 cm size
CRA09 External deposit Fragment with ~3 cm size
CRA10 External deposit Fragment with ~10 cm size and smaller fragments
CRA11 External deposit Fragment with ~5 cm size and smaller fragments
CRA12 External deposit Fragment with < 3 cm size
CRA13 External deposit Mud, fragment with ~5 cm size and smaller fragments
CRA14 External deposit Mud, fragment with ~5 cm size and smaller fragments
CRA15 Quarry front Concrete with wire and fragments < 5 cm
CRA16 Quarry front Mud with wire and fragments < 5 cm
CRA17 Quarry front Fragment with ~15 cm size and smaller fragments
CRA18 Quarry front Fragment with ~8 cm size and smaller fragments
CRA19 Quarry front Fragment with ~10 cm size and smaller fragments
CRA20 Quarry front Fragments with < 3 cm size, cement and reinforcing glass fibers
CRA21 Internal deposit with asbestos Mud with fragments with < 3 cm size
CRA22 Internal deposit without asbestos Fragments with < 5 cm size and cement
CRA23 Internal deposit with asbestos Fragments with < 7 cm size
CRA24 Quarry front Reinforcing glass fibers bar

the averaged sample spectra. After pre-processing, a Prin-
cipal Component Analysis (PCA) was carried out to relate
the variance between reflectance spectra to qualitative
data acquired with microscopy (Wold et al., 1987). Then,
a Partial Least Squares-Discriminant Analysis (PLS-DA)
model was built to predict the asbestos presence in un-
known samples (Bonifazi et al., 2019b). To this aim, the da-

taset was splitted into two parts using the Kennard-Stone
(K-S) algorithm, keeping the replicates together: 70% of the
spectra (i.e., 70% of the samples) was used in calibration,
while the remaining part (30%) was used as the validation
set. To assess the performance, the right number of Latent
Variables (LVs) and generalizability of a predictive model,
Venetian blinds (VBs) was adopted as cross-validation

FIGURE 1: Sample named CRA_17 acquired on field (a) and in laboratory (b).
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algorithm across different subsets of data. The goal of
cross-validation is to ensure that the model will perform
well on unseen data, rather than just on the data it was
trained on.

The classifier performance was evaluated using the pa-
rameters calculated from the confusion matrix, that com-
pare the True Positives (TP), the False Positives (FP), the
True Negatives (TN) and the False Negatives (FN) results.
The resulting parameters are:

*  Precision = TP/(TP+FP)
+  Sensitivity = TP/(TP+FN)
+  Specificity = TN/(TN+FP)
Accuracy = (TP+TN)/(TP+FP+TN+FN)

3. RESULTS AND DISCUSSION
3.1 Conventional techniques
3.1.1 Stereomicroscopy

As expected, the rock fragments present colors ranging
from light up to dark green and they often show translucen-
cy and present strongly altered surfaces, partially covered
by white aggregates, and isolated translucent fragments
(Figure 2a). The latter frequently show straight edges and
shapes, that are different from those typically exhibited by
chrysotile bundles (Figure 2b).

Also focusing on the aggregates, translucent elongat-
ed minerals are noticed, embedded in a white matrix, the
latter composed by fine granules that resemble talc (Figure
2¢). In most cases these fibers are poorly resolvable and
difficult to classify. However, they frequently show morpho-
logical characteristics like the isolated fragments. Also,

Man-Made Vitreous (MMV) fibers are frequently found, es-
pecially in samples collected at the excavation face, where
fiberglass bars were used to reinforce it. MMV fibers are
easily distinguishable, because the diameters vary from 30
to 50 ym and the shapes are quite always regulars (Figure
2d).

At high magnifications (around 100X), few Asbestiform
Fibers (AFs) can be found, which are clearly referrable to
chrysotile (Figure 3). The number of AFs per each sam-
ple is reported in Table 2. The values range from 0 to 25
(CRA_17) with an average equal to 3 fibers per sample.
They are present in 16 of 22 samples, in most cases within
the whitish aggregates. As expected, no asbestiform fibers
have been found in the uncontaminated internal storage.

3.1.2 Analysis of the fine fraction

Results concerning only the external storage are here
presented. Chrysotile fibers and bundles have been found
in the composed sample. A SEM image and the EDS spec-
trum of a typical one are reported in Figure 4. In the same
figure, granular fragments are notable, which show the
same elemental composition as chrysotile. These frag-
ments belong to not-fibrous serpentines (e.g., lizardite,
antigorite) and have been frequently found in the samples
(Figure 5). Since the latter show often strongly elongated
shapes, to conduct an accurate morphological analysis is
crucial to obtain precise and reliable results. It seems, how-
ever, that using SEM-EDS alone to classify chrysotile and
other serpentines can cause misclassification errors, when
the particle dimensions fall below approximatively 0.2 ym,
as regards thickness, and 10 um for the lengths (see the
small, elongated particles in Figures 4 and 5). Indeed, the

o |

&

- ,;‘ ":‘L !
I ':I:-'lmn'u I
(d)

FIGURE 2: Typical surface exhibited by a serpentinite at 7.8X (a); elongated (b) and aggregated (c) mineral particles, and Man-Made Vitreous

Fiber at 50X (d).
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Distance 0,008 mm
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FIGURE 3: Chrysotile fibers covered by white fine granules at 100X.

TABLE 2: Number of asbestiform fibers for each sample.

Sample ID Sampling area Chrysotile fibers (N)
CRAO1 External deposit 1
CRA02 External deposit 2
CRAO03 External deposit 0
CRA04 External deposit 4
CRAO5 External deposit 2
CRAO6 External deposit 5
CRAO7 External deposit 1
CRAO8 External deposit N.A.
CRA09 External deposit 1
CRA10 External deposit 0
CRAT1 External deposit 2
CRA12 External deposit 0
CRA13 External deposit 0
CRA14 External deposit 1
CRA15 Quarry front 1
CRA16 Quarry front 0
CRA17 Quarry front 25
CRA18 Quarry front 4
CRA19 Quarry front 4
CRA20 Quarry front 4
CRA21 Internal deposit with 3
asbestos

CRA23 Internal deposit with 6
asbestos

CRA24 Quarry front N.A.

state-of-art analytical technique is the Transmission Elec-
tron Microscopy (TEM), but it is even more time-consuming
and complex than SEM. The reported results are consistent
with the scientific and normative literature (Malinconico et
al., 2022; Militello et al., 2019).

3.2 Reflectance spectroscopy analysis
3.2.1 Pre-processing

The average spectra of the samples acquired on-site are
shown in Figure 6. The same figure also shows the spec-
tra averaged by the presence/absence of AFs, as resulting
from stereomicroscopy analysis. Figure 7, instead, shows
the pre-processed spectra of the two classes (“Presence of
AFs” and “Absence of AFs”).

3.2.2 Principal Component Analysis

The scores plot of the PCA model conducted with two
principal components is showed in Figure 8. The model
captured the 89% of the total variance. The uncontaminat-
ed samples are grouped mainly in the first quadrant (i.e.,
negative PC1 and positive PC2 spaces), due to reflectance
variations within the 1400-1420 nm and 2345-2365 nm
ranges (see the loadings plot in Figure 9). Such spectral
ranges include both: i) weak absorption features related
to the common peaks of silicates and ii) one strong ab-
sorption caused by carbonates near 2350 nm (Clark et al.,
1990). As expected, the scores of the contaminated sam-
ples are more spread and difficult to interpret. In this case,
some samples are well separated from the uncontaminat-
ed ones by the strong absorptions that almost all silicates
exhibit within the 1380-1400 nm range and around 1900
nm (Clark et al., 1990). The influence of mineral-specific
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Spectrum 1

Spm

FIGURE 4: SEM image and EDS spectra of a chrysotile fiber (1) and not-fibrous serpentine fragments (2). The carbon signal comes from the
underlying adhesive tab.

Spm

FIGURE 5: SEM image and EDS spectrum of a not-fibrous serpentine fragment and several unclassified small particles. The carbon signal
comes from the underlying adhesive tab.
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FIGURE 8: PCA Scores plot for spectra acquired on-site and grouped by presence/absence of AFs.

02

(79.37%), PC 2 (9.34%)
(=
&
|

o 005
o
01}

015

——PC1(79.37%)
-~ PC 2 (9.34%)

1000

1100

1200

1300 1400 1500

1600

1700 1800 1900 2000 2100 2200 2300 2400 2500

Wavelength [nm]

FIGURE 9: Loadings plot of the first two principal components of the on-site dataset.
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TABLE 3: Confusion matrix of the PLS-DA model applied to the spectral dataset acquired on-site.

Model phase Class Sensitivity Specificity Precision Accuracy Error N. of spectra
fl?gisrznce of asbestiform 0.948 0.970 0.995 0.951 0.049 650
Calibration -
Absence of asbestiform 0.970 0.948 0.740 0.951 0.049 100
fibers
Egzsrznce of asbestiform 0.946 0.960 0.994 0.948 0.052 650
Cross-validation -
Absence of asbestiform 0.960 0.946 0.733 0.948 0.052 100
fibers
f|:|>tr)<-;sr:nce of asbestiform 0633 0.173 0.434 0.403 0.597 150
Validation -
Qtl:::fsnce of asbestiform 0.173 0.633 0.321 0.403 0.597 150

absorptions in the variance should be better assessed in
future studies.

3.2.3 PLS-DA model

It can be seen in Table 3 (confusion matrix) that the
two-class model works very well in both calibration and
cross-validation. Instead, the asbestos-free samples
CRA10, CRA13 and CRAQ3, and the sample CRA14 (only
one AF found) are not correctly classified in the prediction
phase.

Finally, the Variable Important in Prediction (VIP)
scores plot are reported in Figure 10. Also in the classifi-
cation model, the most important wavelengths are related
to absorptions that are typically showed by silicates (near
1380 nm, 1880 nm and 2330 nm) and carbonates (2350
nm) (Clark et al., 1990).

4. CONCLUSIONS

This document reports the preliminary results of a study
conducted to automatically classify the asbestos-contam-
inated tunnel spoils produced during the excavation of a
new high-speed and great capacity railway from Genoa to
Milan.

Twenty-four samples were collected and analyzed with
an innovative approach that exploits on-site spectrosco-
py coupled with chemometrics and calibrated through
microscopy techniques. In more detail, the classification
model was trained with qualitative data obtained by means
of stereomicroscopy and partially supported by electron
microscopy. At this phase of the project, the results are
promising because both specificity and sensitivity values
in the model cross-validation are around 95%. Hence, on-
site reflectance spectroscopy coupled with chemometrics
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FIGURE 10: VIP scores of the PLS-DA model as a function of wavelengths.
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show to us a good potential for real-time discrimination
of asbestos presence in GS tunnel spoils. There is a need
for in-depth research to demonstrate, on a more substan-
tial analytical and statistical basis, the validity of this in-
novative sensor-based methodology and, specifically, to
achieve an estimation of the asbestos concentration within
the samples.
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ABSTRACT

Hot tearing represents one of the most detrimental defects in metal castings and
it is a key parameter for evaluating alloy castability. Hot tearing in aluminum alloys
has gained attention from several research groups over the past century. To date,
there are several theories that aim to understand the mechanisms and identify the
parameters affecting the formation of hot cracks. This study aims to evaluate the
influence of chemical composition on the hot cracking index of eight commercial
wrought alloys of 6xxx series (Al-Mg-Si alloys), produced from recycled scrap. First,
a thermodynamic calculation software was used to determine the solidification
path of the alloys under non-equilibrium conditions; subsequently, a pure theoretical
criterion, the Kou model, was adopted to predict the susceptibility of hot tearing. The
results reveal that variations in chemical composition affect the cracking index, and
the alloy 6082 shows the higher vulnerability to hot cracking. Furthermore, minimiz-
ing the element content yields a minimum value of the hot cracking susceptibility

CISA

index.

1. INTRODUCTION

Although aluminum (Al) is one of the most used non-fer-
rous metals (Padamata, Yasinskiy and Polyakov, 2021) its
production from primary ores (e.g. bauxite) involves high en-
ergy consumption and large CO, emissions. Many govern-
ments have adoptedregulationsto encouragethe production
of aluminum from recycled scrap; in fact, secondary Al pro-
duction demonstrates notable economic and environmental
advantages compared to primary production (D’Errico and
Mattavelli, 2017) such as an energy saving estimated at ap-
proximately 90%, a reduction in CO, emission close to 80%
and a lower amount of solid waste (Cui and Roven, 2010).

Among the aluminum alloys, wrought ones are the pri-
mary choice to replace steel components due to their high
strength-to-weight ratio, low density, and recyclability. The
wrought alloys of 6XXX series (Al-Mg-Si alloys) offer an op-
timal combination of properties, exhibiting strength com-
parable to the 2XXX (Al-Cu) or 7XXX (Al-Zn) series alloys
but higher workability, weldability, and corrosion resistance
(Graf, 2021). However, wrought alloys exhibit poor toler-
ance to impurities and, as a result, their production from
the recycled scrap is significantly limited as only a smaller
share of the collected scrap is used to produce the alloys.
Moreover, it is often necessary to adjust the chemical com-
position by diluting with large quantities of primary alumi-
num ingots (Van den Eynde, et al., 2022).

Another drawback for wrought alloys is their suscep-
tibility to hot tearing, a macroscopic defect related to the
formation of macroscopic cracks during the final solidi-
fication stage, i.e. when the solid fraction reaches values
between 85 and 95% (Li and Apelian, 2011).

Since the 1950s, several researchers have attempted
to understand the mechanisms of hot tearing and develop
predictive mathematical models (Eskin, Suyitno, and Kat-
german, 2004). Clyne and Davies (Clyne and Davies, 1975),
for example, proposed a criterion where the susceptibility
to hot tearing is determined by the ratio of vulnerable time
to recovery time. The “vulnerable time” is defined as the
period during which the alloy transitions from 90% to 99%
solid fraction. During this phase, liquid feeding is either
impossible or highly restricted, preventing the filling of any
developing cracks by the remaining liquid. Conversely, the
“recovery time” is the time required for the alloy to transi-
tion from 60% to 90% solid fraction. According to Nyama
(Niyama, 1977) and Feurer (Feurer, 1977), the formation of
hot cracks occurs exactly when the solid dendritic network
acts as a barrier for the remaining liquid phase, preventing it
from flowing and healing the defects. Later, Rappaz-Drezet
and Gremaud (Rappaz, Drezet, and Gremaud, 1999) de-
veloped a criterion deriving from a two-phase model that
considers both the flow of the liquid and the deformation
occurring during the solidification. Such models require
a detailed experimental approach to study the solidifica-
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tion dynamics and mechanical stresses generated during
component cooling. Finally, Kou (Kou, 2015) proposed a
theoretical model without the use of experimental data.
His method is based on Campbell's assumption that hot
tearing is a uniaxial failure mechanism and the accumulat-
ed stress from the pressure drop must exceed a maximum
value typical of the material. To evaluate the susceptibility
to hot tearing, Kou has defined the following index:
dr

1
d(fs2)

Where ds. is the chosen solid fraction range and dT
is the corresponding temperature interval. This criterion
provides preliminary assessments of the tendency to hot
cracking starting from thermodynamic simulations.

The trend in the coming years will be to increasingly re-
duce the use of primary alloys in favour of utilizing already
available aluminum. Since the properties of aluminum
alloys are influenced by the compounds present in their
structure and, consequently, by the level of impurities, this
study aims to use Kou'’s predictive criterion to evaluate the
impact of chemical composition on the hot tearing resist-
ance of 6XXX alloys. Special attention has been given to
the effect of iron, as it is considered the major impurity in
recycled aluminum alloys.

HTS =

M

2. EXPERIMENTAL PROCEDURE

The chemical compositions of 8 commercial wrought
alloys of 6xxx series were collected over two-year produc-
tion period (2022-2023) and the average values with stand-
ard deviations are reported in Table 1. The Thermo-Calc
simulation software was used to obtain curves of solid
fraction vs temperature under non-equilibrium conditions
by using the Scheil-Gulliver equation. For all the simula-
tions, the initial temperature was set to 750°C with a step
of 1°C; Figure 1 illustrates the resulting solidification curve
of the 6060 alloy.

According to the Kou's criterion, the solid fraction range
for hot tearing index was from 0.87 to 0.94. and the tem-
peratures corresponding to the selected range were de-
termined directly from the solidification curves. A regres-
sion analysis was conducted using Minitab, employing
response surface regression to derive an equation that
directly correlates the susceptibility index value with the
alloying element content.

To assess the impact of iron on the hot tearing index,
simulations were performed on the three alloys of greatest
industrial significance - 6060, 6082, and 6005 - with var-
ying iron contents. The specific levels examined were 0.4
wt%, 0.8 wt%, 1.0 wt%, and 1.5 wt% Fe.

3. RESULTS AND DISCUSSION

Considering the Kou indexes calculated for the average
chemical composition (Figure 2), 6082 alloy exhibits the
highest susceptibility to hot tearing, whereas the lowest
index is observed for 6060 alloy. As it results from their
solidification curves (Figure 3), 6082 alloy shows a larger
temperature difference compared to alloy 6060 in the se-
lected solid fraction range, confirming its greater tendency
to hot tearing.

This result is consistent with practical outcomes from
industry, where components manufactured with 6082 alloy
commonly exhibit hot tearing cracks (Moller, Daswa and
Govender, 2015).

The Kou indexes for the alloys with the upper and lower
limits of the compositional range are shown in Figure 4.
The values differ slightly from the indexes obtained for the
average chemical composition. Considering the composi-
tions of the upper limits, an increase of the hot tearing in-
dex is observed for most of the materials, while the indexes
assume lower values in almost all cases for the alloys with
minimum chemical composition.

The cases where the trend is not followed pertain to
the 6061 and 6082 alloys. This deviation may be associ-
ated with reaching and surpassing the peak of maximum
susceptibility. It is well-known that hot tearing suscepti-
bility in many alloy systems follows the so-called lambda
curves (Easton, St. John and Sweet, 2010; Campbell, 2015;
Li and Apelian, 2011). Specifically, these curves illustrate
how increasing alloying element content leads to a rise in
hot tearing susceptibility up to a peak, after which suscep-
tibility decreases. Figure 4 demonstrates that, for the 6061
alloy, increasing alloying element content corresponds to a
progressive decrease in the index value. In contrast, for the
6082 alloy, an initial increase in the index is observed when
transitioning from the minimum to the average composi-
tion. However, as the alloying content continues to rise, a
subsequent decrease in hot tearing susceptibility is noted.

However, 6082 and 6061 alloys consistently remain the
materials with the greatest susceptibility to hot tearing. Ex-

TABLE 1: Average chemical compositions of Al-Mg-Si alloys with standard deviations.

Alloy Si %wt Fe %wt Mn %wt Mg %wt Cu %wt Ti %wt Zn %wt Cr %wt Al %wt
6060 0.449 +0.032 | 0.235+0.018 i 0.045+0.007 | 0.426 +0.038 | 0.030+0.006 : 0.014+0.003 i 0.040 +0.007 i 0.009 +0.003 Bal.
6061 0.667 +0.086 : 0.241+0.019 : 0.081+0.030 ;| 0.896 +0.064 : 0.209 +0.037 : 0.043+0.078 : 0.042 +0.007 : 0.111 +0.037 Bal.
6082 0.922+0.100 : 0.252+0.019 : 0.505+0.084 : 0.740+0.080 : 0.048+0.013 : 0.040+0.073 : 0.046 +0.010 : 0.038 + 0.039 Bal.
6005 0.638 +0.028 | 0.239+0.022 : 0.072+0.041 | 0.536+0.037 : 0.053+0.039 : 0.024 +0.009 : 0.042 +0.009 : 0.009 + 0.002 Bal.
6005-A : 0.631+0.060 : 0.238 +0.020 : 0.198 +0.040 : 0.512+0.039 : 0.055%0.027 : 0.026 + 0.071 : 0.041 + 0.007 : 0.045 + 0.030 Bal.
6063 0.517 +0.034 | 0.239+0.018 : 0.046 +0.011 | 0.522+0.041 : 0.032+0.007 : 0.017 +0.006 : 0.042 +0.005 : 0.009 + 0.002 Bal.
6101 0.445+0.119 i 0.271+0.082 : 0.040 +0.014 | 0.443+0.128 : 0.035+0.035 : 0.013 +0.006 : 0.036 + 0.007 : 0.014 +0.022 Bal.
6101-B | 0.447+0.028 : 0.254 +0.022 : 0.047 +0.002 : 0.499 +0.022 : 0.033+0.006 : 0.025+0.002 : 0.044 +0.007 : 0.010 +0.002 Bal.
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FIGURE 2: Kou's cracking index for different alloys.

FIGURE 3: Solidification curves with the chosen solid fraction range
and the respective temperature variations.

amining the chemical composition of the alloy, it can be
observed that high concentrations of silicon, magnesium,
and manganese could play a key role in influencing the be-
havior of the two materials.

Previous studies on Al-Mg-Si alloy systems (Eskin,
Suyitno and Katgerman, 2004; Easton, et al., 2012) have
experimentally demonstrated that the susceptibility to hot

tearing reaches a maximum at approximately 0.25 wt% sili-
con and around 0.2 wt% magnesium. Additionally, research
conducted by Sweet’s group (Sweet, Taylor, Easton, Couper
and Parson, 2012) indicates that increasing the magnesi-
um content to nearly 1T wt% almost completely mitigates
the issue of hot cracking. In contrast, Clyne and Davies
(Clyne and Davies, 1975) analyzed the effect of magnesi-
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FIGURE 5: Change in cracking indices with varying iron content.

um in aluminum alloys and observed that concentrations
close to 1 wt% increase the susceptibility to hot tearing,
consistent with observations for 6082 alloys with mag-
nesium concentrations around 0.8 wt%. Li et al. (Li, et al.,
2020) found that in magnesium-rich alloys without silicon,
hot tearing susceptibility increases, while the addition of
silicon appears to prevent the onset of cracking. All these
studies agree that increasing the eutectic content of Al +
Mg2Si + Si tends to reduce hot tearing susceptibility.

Moreover, Kou (Kou, 2015) compared the vulnerability
of A206 and A356 alloys to hot tearing and reported that
the A206 alloy, with low silicon content (0.04%) and higher
manganese content, suffers more from hot tearing.

The discrepancies between our results and the experi-
mental datareportedinthe literature may be attributed tothe
range of solid fractions selected for calculating the Kou in-
dex,asthereisnoprecise guideline forchoosingthisinterval.

By inputting all the simulation data for industrial alloys
into the statistical software, the following equation was de-
rived through regression analysis:

HTS=437-1216*Si-1345*Fe+3858*Mn+1108*Mg+2366*S-
-13367*Fe?+3288*Mn*+3946*Mg’+19218-SiFe-9782*SiMg-
-20893*FeMn 2

The model was obtained after removing all non-signif-
icant interactions (a>0.1) from the analysis. Notably, the
equation exhibits an R-squared value of 99.36%, despite
having large residuals. Nevertheless, this equation enables
the immediate qualitative assessment of the impact of in-
creasing the content of an element on the hot tearing index
without the need for further simulations.

Interesting results emerge from the examination of the
Kou indices calculated for alloys with incremental iron con-
tent: the histogram in Figure 5 reveals that all three alloys
show no changes of the hot crackability index by increas-
ing the iron concentration.

This trend is associated to the solidification curves
(Figure 6) calculated for different iron contents: the curves
differ exclusively in the initial solidification stage, while
they are overlapped in the final phase, especially in the sol-
id fractions range considered for the calculation of the Kou
index (0.87-0.94%).

This results seems to be confirmed by Sweet et al.
(Sweet, et al., 2013) and Benoit et al. (Benoit, et al., 2023)
who argued that the susceptibility to hot tearing is corre-
lated to the iron content, reaching the maximum when the
iron content is less than 0.15%. Moreover, the studies also
reported that exceeding 0.22% of iron causes an increase
of the intermetallic phase, the so-called B-Al5FeSi, favoring
the interconnection of the grain boundaries and the eutec-
tic feeding the mushy-zone.

4. CONCLUSIONS

This study aimed to analyze the susceptibility of recy-
cled 6XXX series alloys, with a particular focus on the influ-
ence of chemical composition and iron content. The main
conclusion drawn from the thermodynamic analysis are as
follows:

1. Both 6061 and 6082 alloys exhibit the highest suscepti-
bility to hot cracking, regardless of variations in chemi-
cal composition.

2. The higher the levels of magnesium, the greater the hot
tearing susceptibility.

3. Thereductionin alloying elements content leads to a de-
crease in hot tearing susceptibility compared to alloys
with an average commercial chemical composition.

4. Iron does not significantly influence the hot tearing ten-
dency of 6XXX series alloys. This suggests favorable
prospects for scrap handling and recycling in alloy pro-
duction processes.
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ABSTRACT

The built environment requires extraction and consumption of enormous quantities
of raw materials, water, and energy. While these materials remain in use for several
years or decades, growing global populations and aging infrastructure are driving
widespread generation of one of the largest and most challenging waste streams to
manage. There is growing interest from communities in integrating circular econo-
my (CE) strategies in the context of construction & demolition (C&D) material man-
agement. Many approaches for doing so focus on small-scale CE applications like
individual products, materials, or projects. However, greater understanding is needed
at the city-scale given communities’ complex position at the frontlines of local de-
velopment, resource consumption, and waste management. This study summarizes
the development of an evaluative framework for community-based C&D circularity
at a city or regional level. The framework expands upon a mixed methods approach
called the Circularity Assessment Protocol (CAP), which integrates aspects of urban
metabolism, geospatial analysis, and qualitative research methods to examine plas-
tic waste management in communities. To advance convergent CE research, here,
we aim to adapt the CAP framework to C&D. We describe our adaptation of the CAP
to C&D through a conceptual review describing research, methods, and strategies
related to seven elements of a local CE context: C&D Analytics, Building Material
and Design, Community, Use, Collection, End-of-Cycle, and C&D Emissions. This work
describes a novel yet preliminary conceptualization for developing a baseline under-
standing of circular C&D material management and a holistic examination of barri-

1. INTRODUCTION

Integration of diverse expertise, disciplines, and re-
search methodologies will be crucial for addressing in-
creasingly complex environmental and sociotechnical
issues the world faces. Though convergence research is
not new, recent efforts have begun calling for such inte-
gration of scientific disciplines and researchers to develop
strategies for tackling compelling topics ranging from nat-
ural hazards and disasters (Peek et al., 2020), to health-
care (Sharp & Hockfield, 2017), and nanotechnology (Roco
& Bainbridge, 2013). With at least two billion metric tons
of municipal solid waste (MSW) generated globally every
year, research in sustainable waste management similarly
needs integrated expertise and research methodologies
given the economic, social, governmental, and technical
aspects of managing materials. While all waste streams
are salient, much attention has been given to plastic waste

ers, affordances, and opportunities for improving city-wide circularity.

in the last decade, with elevated public visibility derived
from the estimated 8 — 15 million metric tons entering the
ocean annually (Forrest et al., 2019; Jambeck et al., 2015),
primarily from land-based sources (Jambeck et al., 2020;
Law, 2017). As a lightweight material, plastics comprise a
small portion of construction & demolition (C&D) debris by
mass (a typical metric for reporting waste quantities) rel-
ative to higher-density materials such as concrete, metal,
lumber, etc. However, substantially greater quantities of
global waste are from the C&D context, with nearly twice
as much C&D waste generated (1.68 kg per capita) com-
pared to municipal solid waste (0.74 kg per capita per day;
(Kaza et al., 2018)). As a result, material from the built en-
vironment (BE) in which plastics are managed may be a
ripe context for convergent research to develop complex
interventions. In particular, the circular economy (CE) has
been one of the leading concepts in both plastics and BE
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material management, aiming to shift traditional linear
(take-make-waste) systems into looping systems that ef-
ficiently maximize material use and minimize, if not com-
pletely remove, waste.

Given the integration of plastics and C&D materials,
this paper reports on the progress of adapting a holistic,
community-based assessment of plastic material manage-
ment, called the Circularity Assessment Protocol (CAP), to
the wider context of C&D materials to uncover ways to lev-
erage community knowledge, research methods, and vary-
ing expertise related to plastics to better understand how
to sustainably measure materials regardless of context or
waste stream. We define C&D materials to include the ma-
terials during all the phases of the BE, from raw material
extraction to production, construction, use, deconstruction,
demolition, and reuse. Through integrating CE concepts in
the BE, C&D waste management practices, and the CAP
(herein, we refer to CAP as the original CAP developed
for plastics), we aimed to develop a convergent approach
for C&D that incorporates aspects of building design and
planning, community interactions with the BE, C&D waste
collection and treatment, and losses of material to the en-
vironment. We incorporate aspects of the original CAP that
include a synthesis of the role of local government, eco-
nomics, and technology. To this end, this work aims to an-
swer the primary research question: How can the Plastics
CAP be adapted and expanded for the C&D sector?

1.1 Abbreviations

MSW:  Municipal solid waste

C&D: Construction & Demolition

CE: Circular Economy

BE: Built Environment

CAP: Circularity Assessment Protocol
EOC: End-of-Cycle

NGO:  Non-Governmental Organization

LCA: Life Cycle Assessment
LCC: Life Cycle Costing

CBA: Cost-Benefit Analysis
MFA: Material Flow Analysis
MSA:  Material Stock Analysis

BIM: Building Information Modeling

DT: Digital Twin

PET: Polyethylene terephthalate

PP: Polypropylene

NSI: National Structure Inventory

CBPR: Community-Based Participatory Research
PESTEL: Politics, Economy, Social, Technology, Ecology,
and Law

EPA: Environmental Protection Agency

UN: United Nations

2. BACKGROUND & LITERATURE REVIEW
2.1 Summary of the CAP

The CAP is a standardized assessment tool used to aid
decision-makers through collaboratively collecting com-
munity-level data on material usage and management of
plastics. The CAP consists of seven spokes: Input, Com-
munity, Material and Product Design, Use, Collection, End-

of-Cycle (EOC), and Leakage. At the center, the system is
driven by policy, economics, and governance with key influ-
encers including non-governmental organizations, indus-
try, and government. International or national fieldwork for
CAP is conducted by compensated local implementation
partners, who have input on the context-sensitive design of
CAP are trained virtually on the methods of data collection,
and then contribute to the analysis and dissemination of
the data. For a CAP focused on the material of plastic pack-
aging, quantitative data collected through the CAP process
includes documenting the types of materials available for
the packaging of fast-moving consumer goods (i.e. tobac-
co products, chips, candy, and grab-and-go beverages) in
stores and restaurants; articulating common alternatives to
plastic packaging (such as organic and compostable ma-
terials); quantifying the distance of the parent companies
and manufacturers of these products; documenting the
broader context of frequency and availability of various dis-
posal methods throughout the community; and quantifying
the amount of litter found in random sample sites through-
out the area using the free and open data app developed at
the University of Georgia, Marine Debris Tracker (herein re-
ferred to as “Debris Tracker”) (Jambeck & Johnsen, 2015).
Interviews with key stakeholders, including government
officials, plastic manufacturers, non-governmental organ-
izations (NGOs), grassroots groups, activists, and waste
management experts are conducted. These interviews are
thematically analyzed to provide a complementary qualita-
tive analysis of the quantitative data collected.

To date, CAPs focused on plastic packaging have been
conducted or are underway in 56 cities in 16 countries.
Successful applications of the CAP process and results
include use in the Urban Ocean program with multiple part-
ners and many stakeholders in 11 cities around the world.
An example of an intervention from the first six cities in-
cludes the creation of a waste sorting facility based on
community input in Semarang, Indonesia after engaging
with CAP data (150 jobs created; (Maddalene et al., 2023).
Similarly, the CAP in Metro Manila revealed prominent pat-
terns of plastic material attributes in the city, such as a high
concentration of products sold in single-use multilayer film
format that offers low value for recycling, which could be
connected to the high prevalence of food packaging litter
documented by the study (Jambeck et al., 2024). Plastics
are interwoven with and are the backbone of many materi-
als and products. Thus, we explored, in this paper, how to
expand beyond plastics. We focused on construction and
demolition based on the findings from our report (Bilec et
al., 2020). We anticipate that this newly developed C&D
CAP will continue to evolve as we pilot in regions around
the world, along with exploring additional materials such
as textiles and electric vehicle batteries.

2.2 Circular economy in the construction & demoli-
tion context

The concept of CE is wide-ranging, which leads to a va-
riety of ways in which the CE is defined, applied, and meas-
ured over time (Kirchherr et al., 2018). Broadly, the CE has
been defined as an economic system that shifts away from
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atraditional and extractive linear economy toward a looping
system that ultimately reduces or eliminates the concept of
waste through systems that return products and materials
back into production and distribution for re-consumption.
Historically, the CE has largely focused on manufactured
goods and products with relatively short lifespans (Singh &
Ordofiez, 2016), while CE in the built environment remains
relatively underdeveloped, yet emerging, due to the individ-
uality of construction projects, long lifespans, and unique
life cycles of buildings, which themselves comprise a mul-
titude of composite materials or products assembled into
components (Pomponi & Moncaster, 2017). Unlike plastic
packaging which has an average lifetime of one year, con-
struction materials and products are designed for decades
of useful life, emphasizing the substantial lag between pro-
duction and manufacturing of building components and
their end-of-life collection and management (Aktas & Bilec,
2012; Geyer et al.,, 2017). These innate phases mean that
assessing or applying CE strategies must also encompass
a range of dimensions such as early feasibility, planning,
and design efforts, material manufacturing, construction
activities, building operation, and ultimately end-of-cycle
management (Cimen, 2021), which all occur over decades
and potentially experience periodic changes due to build-
ing renovations, refurbishments, and even ownership.

In translating CE from an abstract concept to an applied
framework, the CE can be assessed at the micro- (products,
companies, consumers), meso- (eco-industrial parks), and
macro-scales (city, region, nation) (Kirchherr et al., 2018;
Pomponi & Moncaster, 2017). Within the built environment,
there are also generally five dimensions of circularity in-
cluding governmental, economic, technological, environ-
mental, societal, and behavioral (Cruz Rios et al., 2027;
Ossio et al., 2023; Pomponi & Moncaster, 2017). Interven-
tions within these dimensions can further be oriented as
top-down approaches led by national or regional entities
such as market incentives for salvaged materials, extend-

ed producer responsibility policies and regulations, and
green building rating systems, or bottom-up approaches
such as marketing initiatives, material tracking, and prefab-
rication and modularization that might be led by individual
businesses or grassroots organizations (Cruz Rios & Grau,
2020; Pomponi & Moncaster, 2017). Ossio et al. (2023)
also identified five clusters of conceptual approaches to
assessing circularity in the BE, which included focusing
on C&D waste management systems, the “R” framework
(“reduce, reuse, recycle”), life cycle assessment, building
design approaches, and/or business models or networks
that can be applied across the three scales (Figure 1). Fur-
ther, ARUP & EMF (2024) developed four key principles on
circularity specific to the built environment which focus on
closing the loop for building materials including 1) Build
nothing, 2) Build for long-term value, 3) Build efficiently, and
4) Build with the right materials. Among each of these, they
have developed indicators and metrics that can be used
to target specific interventions and measure impacts. This
framework is adaptable across scale (i.e., micro, meso,
etc.) as well as specific BE components (e.g., lighting sys-
tems, timber structures, etc.) and digital solutions (e.g.,
material passports), emphasizing the diversity of how CE
can be evaluated in the C&D context.

2.3 Evaluating construction & demolition circularity
at the city scale

There are several frameworks for evaluating the CE in
the built environment at scales such as circularity of build-
ings (Bozeman et al., 2023; Honarvar et al., 2022; Khadim
et al,, 2022), construction projects (Tokazhanov et al.,
2022), and building materials and products (Dréger et al.,
2022). Common tools for assessing CE in construction and
other sectors include life cycle assessment (LCA), life cycle
costing (LCC), cost-benefit analysis (CBA), material flow
analysis (MFA), or a combination of these, but historically
they have focused on waste management, building design,

Macro
Subnational Nations
regions World
Cities regions
Meso
Districts/parks (neighborhoods,

commercial parks, industrial districts)

FIGURE 1: Evaluation scales for Circular Economy in the Built Environment and Construction and Demolition contexts (adapted from Kirch-

herr et al. (2018) and Gimen (2021).
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or product design, with lagging attention on environmen-
tal impacts (Lépez Ruiz et al., 2020; Lovrenci¢ Butkovi¢
et al., 2023). At the city scale, CE applications have been
published in recent years, though few incorporate the full
life cycle of materials and products to account for losses
of C&D materials to the environment (Table 1). In mapping
recent city-scale CE assessments across the CAP spokes,
some studies incorporate multiple aspects of material life-
cycles, but these tend to be concentrated in waste applica-
tions. Additionally, few studies integrate community-based
information into their material management assessments,
and only one recent CE assessment accounted for losses
of material (Zhu et al., 2022).

While focusing broadly on circular material manage-
ment, the CAP aims to elevate aspects of the community in
identifying specific interventions, filling a key gap in CE as-
sessments in the C&D context. Place-based assessments
are useful for supporting the just transition to and feasibili-
ty of local C&D CE. For example, Yung et al. (2014) focused
on community-led research examining a bottom-up model
of adaptive building reuse in a Shanghai historic district,
finding that residents experienced an overall improve-
ment to quality of life in connection with the preservation
of historic structures and heritage, highlighting the value
of interviews in retaining knowledge within communities.
Other city and community-focused frameworks review
completed technical assessments of the building and land
use within a city as well as reviewing community efforts for
sustainability (Sharifi & Murayama, 2014; Yigitcanlar et al.,
2015; Zheng et al., 2017). Similarly, Doughty and Hammond
(2004) reviewed “linear metabolisms of cities compared to
“circular metabolisms of cities,” illustrating the importance
of sustainable city planning to reverse the current linear

use of materials. While these approaches provide utility
within a specific locale and geographic scale, aspects of
waste management, such as collection and emissions of
debris to the environment, were not considered.

3. ADAPTING THE CAP TO CONSTRUCTION
& DEMOLITION

We identified gaps in key areas to advance C&D circu-
larity — authentic engagement with community, pragmatic
solutions derived from quantitative and qualitative meth-
ods, and holistic elements from policy, governance, and
economics. Thus, we adapted the proven CAP for C&D. The
development of the C&D CAP involved six iterative steps
(Figure 2). Step 1 included developing a deep understand-
ing of the CAP and building familiarity with previous appli-
cations through publications and working with the original
developers. Steps 2 and 3 (the scope of this paper), includ-
ed a literature review assessing circularity in the C&D con-
text (summarized in Section 2), and the conceptual devel-
opment of the C&D CAP (this section). Future publications
focus on Steps 4 through 6.

While balancing our adaptation of the existing CAP, we
conceptualized our translation of each CAP spoke to the
C&D context through Patil et al’s (2023) four key phases
of circularity assessments including 1) goal setting and
scoping based on stakeholder interests, 2) data acquisition
from reliable sources, 3) circularity measurement against
reference points and benchmarks, and 4) assessment of
circularity impacts on system and relative stakeholders un-
der investigation. Since the CAP and C&D CAP are intend-
ed to be conducted concurrently, we aimed to retain the
underlying essence of the CAP spokes (i.e., Input, Material

TABLE 1: Examples of recent construction & demolition (C&D) circularity assessments in cities mapped across Circularity Assessment
Protocol (CAP) spokes (IN = Input; CM = Community; PD = Product design; CL= Collection; EOC = End of cycle; LK = Leakage).

CAP Spokes
Reference City, Country
IN CM PD USE CL EOC LK

Barbaro et al. (2022) Sicilian municipalities, Italy X X
De Medici et al. (2018) Ortigia, Italy X
Corral et al. (2022) Almcita, Spain X X
Bao and Lu (2020) Shenzhen, China X X
Bao et al. (2019) Suzhou, China X
Lederer et al. (2020) Vienna, Austria X X X X
Mohammadiziazi et al. (2021) : Pittsburgh, USA X
Arora et al. (2019) Singapore X
Pearlmutter et al. (2019) @ Negeyv, Israel X

Rende, Italy

Malmo, Sweden

Freiburg, Germany
Lynch (2022) Vancouver, Canada X X X
Yu et al. (2022) Nanjing, China X X

Shanghia, China

Hangzou, China
Oliveira et al. (2021) Manaus, Brazil X X
Zhu et al. (2022) 26 cities, China X

aEvaluation conducted at building project scale
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Scope of this paper
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: literature of Adapting Plastics
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FIGURE 2: Process of adapting the Circularity Assessment Protocol (CAP) on the bottom left to the newly developed construction & demo-
lition CAP on the bottom right. The scope of this paper is focused on Steps 2 and 3. Table 2 details changes.

& Product Design, Leakage, etc.), but adapt them to make
practical sense in our sectoral application. Due to the inher-
ent structural variation between the plastic and C&D con-
texts, we modified some spoke names, methods, and ap-
proaches where applicable to reflect characteristics most
relevant to C&D materials in this initial version (Table 2).
For example, we retained attributes such as rates of land-
filling and recycling from the original CAP as criteria for
the End-of-Cycle (EOC) spoke, but we modified the original
Input spoke, which encompasses field surveys at retailers
throughout the city under investigation to generate a profile

of common plastic consumer packaging. In contrast, for
the C&D CAP, we translated the Input spoke to C&D Analyt-
ics which aims to reflect attributes such as construction
rates relative to city or community growth and common
materials used in local construction projects and applica-
tions (i.e., residential, commercial, etc.). Finally, as we de-
veloped modifications of the CAP, we explored the availa-
bility of relevant data (including global, national, and local
datasets), published scientific and grey literature related to
circular C&D material management city, and sought regular
discussions with the original CAP developers.

TABLE 2: Summary of conversion of the Circularity Assessment Protocol (CAP) to the construction & demolition CAP.

Spoke * Plastic CAP approach 2°¢ C&D CAP approach
) Identifying local vs. non-local producers of fast-moving con- Rates of new construction, demolition, and deconstruction,
C&D Analytics (Input) ) ] X
sumer goods through retail sampling geographic trends, key sectors
c . Thematic analysis of semi-structured interviews with relevant stakeholders
ommunity

(Local knowledge, education and awareness campaigns, etc.)

Building materials &
construction
(Product design)

Attributes of common retail or takeaway consumer goods
(e.g., weigh, material, brand, product type, etc.)

Common building materials, local regulations for green build-
ing design, local building examples

Operation (Use)

Identification of plastic alternatives or product delivery sys-
tems for common retail or food goods

Land use, building and property utilization rates, rate of
renovations

Collection

Municipal solid waste collection practices, regulations, and
infrastructure; Surveys of waste bins and collection status

Construction & demolition waste collection practices, regula-
tions, and infrastructure; Deconstruction activities

End-of-Cycle

Plastic waste generation, composition, treatment methods

C&D waste generation, composition, treatment methods

C&D Debris Emissions
(Leakage)

Litter density and composition via Debris Tracker ¢ surveys,
pollution abatement and prevention measures

Locations and issues related to illegal dumping and C&D
littering via Debris Tracker ¢ surveys; pollution abatement and
prevention measures

* Original CAP spoke names in italics; * Maddalene et al. (2023); ® Jambeck et al. (2024); © Youngblood et al. (2022); ¢ Jambeck and Johnsen (2015)
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4. DESCRIPTION AND DEVELOPMENT OF
EACH C&D CAP SPOKE

Because of the variability in methodologies, study con-
texts, and research objectives, we found some similarities
and distinctions that helped inform the C&D CAP spokes
criteria in relation to the CAP. We compiled examples of
previously reported measures of circularity relevant to C&D
and collated them based on the CAP spokes. We found that
metrics related to ‘hard’ infrastructure were commonly rep-
resented in previous literature, which supported our met-
rics applied in the Operation, Collection, and EOC spokes
such as reported waste treatment rates, composition stud-
ies, and identification of existing or needed local waste
management facilities to draw CE conclusions. For exam-
ple, many C&D CE studies have focused on adaptive reuse
(Sharifi & Murayama, 2014; Yung et al., 2014; Zheng et al.,
2017). However, few studies reported direct connections to
environmental losses of C&D material despite ubiquitous
recognition of the role the CE may play in preventing emis-
sions of waste debris into the environment. Few studies
incorporated mismanaged debris as criteria informing the
overall assessment of the circularity of a city, district, build-
ing, or material. As such, we have adapted each CAP spoke
to leverage various approaches for data collection and
analysis as described in detail in the following sections.
We first summarize the overarching goals, approaches,
and examples from previous plastic-based applications of
the CAP. We then make recommendations for the C&D CAP
structured around Patil et al’s (2023) key phases of circu-
larity assessments by 1) defining applicable goals and/or
scope of each spoke, 2) identifying outlets for relevant data
acquisition and relevant reference points or benchmarking
for measurement, and 3) considering potential impacts to
the community and relevant stakeholders.

4.1 C&D analytics

CAP Input summary: The original CAP Input spoke aims
to explore what products are sold in the community under
investigation and where they originated. To understand lo-
cal plastic production and input of plastic goods, the CAP
involves field surveys of products sold in common retail
environments (e.g., grocery stores, convenience stores,
restaurants, and food vendors) and desktop research to
identify local producers of plastic products. For exam-
ple, Youngblood et al. (2022a) surveyed plastic-packaged
fast-moving consumer goods across retailers in communi-
ties in India and Bangladesh, with a focus on snacks, candy,
beverage, and tobacco items, ultimately creating a distribu-
tion map of producers and manufacturers and determin-
ing that many brand decisions were made in high-income
locations away from where goods are sold, consumed, and
impact participating communities.

Defining C&D Analytics goals and scope: In the C&D
context, individual products and materials are difficult to
survey as they are often in composite formats, difficult to
access, or manufacturing information is unavailable or un-
feasible to gather at the city-scale. There are two primary
goals of this C&D spoke. The first goal is to take a ‘pulse’
of a city's C&D activity, exploring how population, geogra-

phy and topography, and industries play into trends related
to urban planning, a key component to circularity in cities
(Petit-Boix & Leipold, 2018). The second goal is to explore
the relationship between population trends and construc-
tion activity; thus, we refer to this spoke as ‘C&D analytics’
to reflect our focus on the city’s growth/degrowth and ur-
ban planning trends used to understand the general needs
and flow of building materials, which includes collecting
available data on C&D trends. The geographical scope of
this spoke is the city or community under consideration.

Data acquisition and benchmarking: Avoiding new con-
struction and building for long-term value are key aspects
of the EMF framework for evaluating CE in the built envi-
ronment (ARUP & EMF, 2024), which uses metrics such
as percent of reused floor area and building occupancy to
determine if buildings are reaching their maximum utility.
At the city scale, some recent studies have examined the
interplay of urban development and planning issues with
CE, as the volume or rate of construction compared with
the rate of population change may be an indicator of cir-
cularity. Some qualitative case studies have been conduct-
ed such as De Medici et al. (2018), who documented the
role of CE in the historic urban landscape of Ortigia, Italy
by evaluating how knowledge and decision-making among
educational, industrial, and governing institutions reflected
in the broader cultural and historical development. Corral
et al. (2022) similarly conducted an analysis in Almdcita,
Spain, a rural community dealing with depopulation, to
examine how the CE has been implemented across the
PESTEL elements: Politics, Economy, Social, Technology,
Ecology, and Law (PESTEL). In another study, an analysis
of social and economic circularity in Sicily, Italy, Barbaro
et al. (2022) used the ratio of land consumption rate to the
population growth rate as an indicator to explore the bal-
ance between development, population, and building use,
ultimately finding that a surplus of underutilized buildings
was failing to meet residential needs, potentially leading to
building deterioration, decay and reduction in urban servic-
es, and threatened community identity.

Building on the work of Barbaro et al. (2022), we recom-
mend assessing rates of construction relative to population
change. By comparing construction rates and population,
larger systemic issues can be revealed regarding building
material management within a community. Depopulation
within cities can also cause social, economic, and environ-
mental challenges (Sutradhar et al., 2024). For example,
if the population is decreasing within a community while
new construction is increasing there may be an excess of
raw material extraction, unnecessary site clearing and de-
velopment, and ultimately construction waste, particularly
if there are existing available and developed properties,
structures, and buildings that are otherwise unoccupied or
underutilized due to population shrinkage or migration out
of the community.

Thus, we recommend informing the C&D CAP Analyt-
ics spoke with publicly available population datasets. For
historical assessments, as well as consistency between
CAP cases, population data can be sourced from national
or international population datasets (e.g., US Census Bu-
reau (2023) or the United Nations Statistics Division), or
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global geospatial datasets for estimating (e.g., Oak Ridge
National Laboratory LandScan population data (Sims et
al., 2023)). Many cities also collect data on building, dem-
olition, and renovation permitting. In the US, for example,
the US Census compiles residential building permit data
through the Building Permit Survey, which reports national,
state, and municipal building quantities and values part of
its annual economic statistics (US Census Bureau, 2024).
Lastly, depending on the level of detail or data availability,
construction permits or value of construction put in place
on a more granular spatial scale (e.g., neighborhood or zip
code) and displaying this information geospatially can be
used to elucidate potential material stocks, storage, and
disparities in where construction is occurring.

Impact and stakeholders: Understanding a communi-
ty’s C&D ‘pulse’ can effectively highlight systemic planning
issues that can help or hinder advancing local circularity.
As mentioned, depopulation within cities can cause so-
cial, economic, and environmental challenges (Sutradhar
et al,, 2024). Key stakeholders relevant to the C&D Analyt-
ics spoke can encompass a wide range of professionals,
government representatives, and the public. In particular,
government representatives such as legal authorities, lo-
cal development agencies, and civic institutions can raise
awareness around circularity, encourage circular business
practices, and use fiscal or regulatory tools to encourage
sustainable development (Munaro & Tavares, 2023).

4.2 Community

CAP Community summary: The original CAP Com-
munity spoke aims to explore what conversations are
happening around plastic consumer goods and what are
stakeholders’ attitudes and perceptions. Rooted in mixed
methodology design, the CAP leverages knowledge from
the community to better understand local perceptions of
operations, affordances, and challenges to complement
typically quantitative and technical data collected in oth-
er spokes. In previous CAP applications, researchers and
local implementation partners have led interviews with
key stakeholders and ‘influencers’ on the management of
plastic consumer goods such as retail and food business
owners, plastic and waste industry representatives, local
government and regulatory officials, NGO operations, com-
munity leaders, informal waste workers, and members in
local academia (Jambeck et al., 2024; Maddalene et al.,
2023). Some CAP applications have also included social
media analysis and workshops, aiming to uncover impor-
tant community beliefs, attitudes, and values related to
consumption and waste management behaviours (Jam-
beck et al., 2024).

Defining C&D Community goals and scope: The goal of
the C&D community spoke, in alignment with the original
CAP, is to work with the community to ensure the com-
munity’s voice is heard and represented using a Commu-
nity-Based Participatory Research (CBPR) framework,
which aims to build trust and foster collaboration be-
tween the community. CBPR focuses on producing ac-
tionable outcomes that benefit the community directly,
sharing power and resources fairly, and developing local
capabilities. A crucial element of CBPR is jointly identi-

fying problems and solutions with the community, rather
than simply generating knowledge for academic purpos-
es (Rickenbacker et al., 2020). The CBPR framework aims
to not only support the community but also provide the
community with technical expertise to co-create authen-
tic solutions that are long-lasting through shared knowl-
edge and action.

Data acquisition and benchmarking: There are several
approaches to working with the community ranging from
community action teams to conducting interviews (Shack-
leton et al., 2021). Interviews are regularly used in the C&D
waste management context for developing holistic assess-
ments of communities that are in complex social-ecologi-
cal system. Several studies have used semi-structured in-
terviews to explore the adoption of low-waste technologies
at various stages of construction projects in Hong Kong
(Zhang et al.,, 2012), determine the effect of a national
green building strategy on C&D waste (Bao et al., 2020),
and examine barriers and countermeasures experienced
by Chinese C&D recycling enterprises (Ding et al., 2023).
Similarly, Ottosen et al. (2021) used semi-structured inter-
views to build understanding related to scaling CE princi-
ples in Danish C&D contexts, citing the need for robust ter-
minology in the sector, methods for documenting progress
toward CE, incorporating technology such as digitaliza-
tion and building passports, and supporting CE transition
with improved value chains. Nghiem et al. (2020) similarly
complemented their quantification of C&D waste in Viet-
nam with interviews investigating demolition contractors’
awareness of and challenges associated with policies reg-
ulating C&D waste.

For adapting the CAP to C&D, we recommend utilizing
the CBPR framework. As a first step, we suggest leveraging
semi-structured interviews guided by a protocol designed
to elicit participant responses related to their role and ex-
perience in their C&D context and local processes related
to C&D debris management (Table S1). Like previous lit-
erature, interview participants could be selected based on
input from the local implementation partners and snowball
sampling (Parker et al., 2019). Similar to the CAP, C&D CAP
participants should include representatives from a range
of roles in academia, government, non-profits, and local
businesses, and interviews should be designed to gain
insight from community members to understand what ef-
forts have already been made, what has worked, and what
has not been attempted, ultimately strengthening a holistic
co-understanding of gaps and opportunities. In future pub-
lications, we will consider broadening the scope to explore
additional strategies for CBPR consideration.

Impact and stakeholders: The focus of the aforemen-
tioned surveys was pragmatic and expansive, yet they
may have not considered authentic community outcomes.
Engaging with societal complexities is needed for evalu-
ating and advancing CE strategies in the BE (Cruz Rios et
al., 2021). Including the public, in particular, can increase
trust and visibility of the CE, while also encouraging greater
participation in the CE agenda and local projects (Munaro
& Tavares, 2023). Given the participatory nature of CBPR,
CAP Community stakeholders can encompass a wide
range of professionals, government representatives, and
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the public. In particular, community representatives, aca-
demic researchers, environmental authorities improve lo-
cal CE awareness and lead CE-related projects that can ad-
vance more mindful consumption behaviors and attitudes
(Munaro & Tavares, 2023).

4.3 Building materials & construction

CAP Product design summary: The original CAP Prod-
uct design spoke aims to explore what materials, formats,
and innovations are found in products, particularly packag-
ing. Materials and design are critical aspects of the circu-
lar economy as upstream systemic changes in the design
phase can reduce material dependencies, reduce waste,
and attempt to harness it as valuable material inputs for
circularity. To explore product materials and design, the
CAP product samples collected during the retail and food
business surveys are used to identify types of plastic
packaging material and attributes such as mass, materi-
al type, and brand. Analysis of these products illuminates
common formats of plastic products as well as prevalent
materials. For example, Maddalene et al. (2023) found that
polypropylene (PP), a low-value plastic in terms of recycla-
bility (Moss, 2017), was prevalent among to-go packaging,
representing the need for appropriate waste management
strategies such as education around how to properly segre-
gate PP items to avoid contaminating the recycling waste
stream.

Defining C&D Building materials & construction goals
and scope: In the C&D context, procuring and evaluating
products and materials this way is less practical, as the BE
comprises a range of materials, components, and products
that provide specific, and often large-scale, utility such as
structures, roofing, flooring, waterproofing, etc. Further, in-
stock material quantities in the C&D context can be difficult
to measure as the primary components of C&D materials
are particularly heavy (e.g., concrete, asphalt, masonry,
etc.), which can eclipse other materials like lightweight
plastics used for interior and exterior finishes, waterproof-
ing, etc. (Mohammadiziazi & Bilec, 2022). This overshad-
owing is evident in US estimates of C&D material consump-
tion with concrete making up 68% of C&D debris by mass in
2018, followed by asphalt concrete (18%) and wood prod-
ucts (6.8%) (US EPA, 2019). As such, the goal of this spoke
is to examine the existing building material stock, and the
scope is within a defined time period in the geographical
region of the city.

Data acquisition and benchmarking: For our adapta-
tion to develop the C&D CAP, we explored proxy outlets for
estimating common building materials and design norms
in the community depending on data availability. To ac-
count for all building materials used for construction in
communities, we recommend three major considerations:
(1) existing buildings, (2) material origins, (3) examination
of construction sites, and (4) adoption of green building
standards in the community.

For determining the material composition of existing
buildings, a multi-level system based on readily available
data and information is recommended, largely focusing
on the core and shell of the buildings (Figure 3). The first
and most basic level of assessment is a visual inspection

of buildings. We harness the random stratification ap-
proach used by the CAP to determine sampling locations
throughout the community (See for example, (Maddalene
et al,, 2023); Youngblood et al. (2022)). Additionally, visual
inspections should span various building types and oc-
cupancy classifications such as commercial businesses,
education, industrial, residential, institutional, and utility
buildings. This approach fosters active data collection and
detailed observations of buildings, however, depending on
the city size, the sample may not be representative.

The second level utilizes the publicly available National
Structure Inventory (NSI) generated by the US Army Corps
of Engineers, which at this time is limited to locations in the
US. The NSI database was developed for hazard planning
and includes a wide range of attributional data for buildings
such as occupancy type, structure value, construction ma-
terial types, foundation type and height, and square foot-
age and number of stories (US Army Corps of Engineers,
2022). For the C&D CAP, the NSI provides spatialized data
including categories for material types used per building
that can be extracted based on community administrative
boundaries in ArcGIS Pro. While this approach provides a
spatially broader sample for analysis for the city compared
to visual inspections the accuracy is limited to the materi-
al categories offered by the NSI (e.g., concrete, masonry,
steel, wood, and manufactured).

Regarding levels one and two, a tiered approach should
be considered. First, the top five local “heavyweight” mate-
rials (e.g., concrete and brick) should be identified through
semi-structured interviews and/or searches of local con-
struction commodities as typically heavy-weight material
is more local. For example, concrete aggregate, bricks, and
metals may have a more local footprint. Second, regional
specifications should be identified through online sources
such as governmental building codes, and if possible, ob-
taining specifications on specific projects is recommend-
ed to garner additional levels of depth. The material type
and manufacturers should be noted and reviewed to show
where materials are being manufactured and imported.

The third level is urban building material stock analysis
(MSA), which is a stock-driven tool for quantifying the to-
tal available stock of material within a system (Augiseau &
Barles, 2017), typically within a defined boundary such as
building type, building components, geospatial, and/or the
temporal scale (Mohammadiziazi & Bilec, 2022). Similarly,
material flow analysis (MFA) focuses on the circulation of
material through a system, that is, the sources, pathways,
and sinks of material (Brunner & Rechberger, 2016), while
MSA focuses on the material quantities. One way that can
be utilized for C&D CAP is the MSA process developed by
Mohammadiziazi and Bilec (2023), which estimated quan-
tities of building materials used for existing buildings and
renovations using geospatial and remote sensing data
(e.g., LIDAR scans). A detailed analysis can provide a more
in-depth overview of in-stock building material. For exam-
ple, this model can account for interior flooring that cannot
be seen during visual inspections.

The fourth level incorporates modeling technology,
such as Building Information Modeling (BIM) or digital
twins (DT) at the city scale. BIM is a process that generates
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FIGURE 3: Levels of implementation for the building materials & construction spoke.

a computer-simulated building model that can be used to
manage the planning, design, construction, or operations
(Azhar et al.,, 2012). These models can be useful for es-
timating material stocks as they can aggregate a bill of
materials, specifically listing the material type and quantity
for all building components, including interior and exterior
components (Zima, 2017). Similarly, a DT is a virtual rep-
resentation of a physical entity that exchanges data in a
real-time (Singh et al., 2021). DTs can be developed from
different data streams, including but not limited to laser
scanning and BIM, and “can make BIM a living instrument”
(Lee et al., 2021), allowing for predictive modeling related
to deconstruction and renovations (Kineber et al., 2023).
While BIM has become an industry standard in recent
years, DTs are a rapidly developing technology and have
yet to become fully operationalized in the field of urban
metabolism applications (Geremicca & Bilec, 2024). While
BIMs and DTs offer promise, communities may not have
the technical expertise, data, and digital infrastructure to
support these models.

Impact and stakeholders: Implementing circular de-
signs in the built environment can have many positive
impacts not only on building systems in use but also in
terms of sustainable materials management, for example,
through uptake of bio-composite materials, prioritizing na-
ture-based solutions in design, and selecting green build-
ing sites (Pearlmutter et al., 2019). By exploring existing
building materials and design culture in CAP cities, we can
identify outlets for improving the adoption of green build-
ing designs and advanced building stock management to
aid in material recovery at the end of buildings’ useful life.
Relevant stakeholders include design, building, and con-
struction professionals, as well as waste management
subcontractors, who can integrate low-waste building
techniques, specify construction waste audits, advance
a culture of sustainability materials management in the
local building industry, create integrated information sys-

tems through BIM or DTs, and implement design criteria to
better manage C&D debris generation (Munaro & Tavares,
2023).

4.4 Operation

CAP Use summary: In a review of macro-scale circular-
ity assessments, Harris et al. (2021) found indicators from
the use phase has largely been lacking from existing liter-
ature, with a major focus on raw materials, waste genera-
tion, and recycling and recovering indicators in evaluation
frameworks. Filling this gap, the original CAP Use spoke
aims to explore community trends around use and reuse of
various product types. The Use spoke assesses how prod-
ucts are procured and consumed throughout a community,
including identification of broad efforts to engage the pub-
lic to use alternatives to plastic or participate in plastic re-
duction schemes such as refill stations or bulk buying. For
example, previous CAPs have surveyed if and how retailers
and food businesses offer packaging alternatives such as
reusable bags or implement reduction strategies such as
product bans or fees. Maddalene et al. (2023)documented
examples of non-plastic alternatives for to-go packaging,
which may have resulted from city responses to national
bans on certain plastic items.

Defining C&D Operation goals and scope: Translating
this spoke to the C&D context, the goal of the Operation
spoke is to understand what is occurring in the collective
“use” phase of the community’s building stock. In the EMF
Circular Buildings Toolkit reuse, renovations, and repurpos-
ing an existing asset are key to avoiding new construction
and building efficiently. Previous studies have explored
land consumption and unused buildings as a critical fea-
ture of circularity. For example, along with examining land
consumption rates relative to population changes in Sicil-
ian municipalities in Italy, Barbaro et al. (2022) also evaluat-
ed unused building stock based on the Italian census data.
For the C&D CAP, we suggesting using indicators such as
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use and rate of land development, building and property uti-
lization rates, and rate of renovations.

Data acquisition and benchmarking: Determining va-
cant land locations can be useful for cities because it
provides the potential for reuse or bringing community
members together, for example, by creating a community
garden. The next aspect to review is the building and prop-
erty utilization rates. The goal is to determine what already
exists within a city, what is needed, and what is excess.
If available, buildings will be determined to be in use or
vacant. Determining the building’s occupancy status can
better inform cities about what type of construction or de-
construction is necessary for growth. For example, if there
is an excess of vacant homes or apartments, cities could
take advantage of existing but under utilized building ma-
terials to construct more housing units. Lastly, the rate of
renovation is considered. Commercial and residential ren-
ovation permits will be examined to see the frequency of
renovation compared to new construction within a city. If
renovation is being utilized, it can indicate cities are reduc-
ing their environmental impact by limiting new construc-
tion.

Impact and stakeholders: Strategic land usage can im-
pact the community’s heat island effect, promote biodiver-
sity, and help a city withstand the impacts caused by cli-
mate change (Colding, 2007; Coseo & Larsen, 2014; Sachs
et al., 2019). If cities are physically expanding while also
experiencing land vacancies and abandoned structures, it
may indicate that they are experiencing urban sprawl and
missing sustainable growth opportunities. Governmental
authorities and organizations can play several important
roles relevant to the Operation spoke. For example, gov-
ernment stakeholders can improve awareness among
construction professionals, waste management servicers,
and the public, provide financial aid, and manage fiscal and
regulatory actions to advance circularity of local C&D ma-
terials (Munaro & Tavares, 2023).

4.5 Collection

CAP Collection summary: While the upstream aspects
of the CAP diverge for the two material streams (i.e., plastic
consumer goods versus C&D materials), properties of ma-
terial management begin to converge in downstream phas-
es such as waste collection, treatment, and emissions. The
CAP Collection spoke aims to explore how much and what
types of waste are generated in communities, as well as
how much waste is collected and by what means. When
relevant, the approach also gathers information related
to informal waste collection processes that contribute to
a community’'s waste management system. For example,
Jambeck et al. (2024) identified collection challenges asso-
ciated with maintaining public waste receptacles through-
out Manila as well as household waste segregation that led
to inefficiencies in recovering potentially recyclable waste.

Defining C&D Collection goals and scope: We define the
goal of the C&D Collection spoke to encompass documen-
tation of quantities and types of waste from C&D activities
and corresponding collection practices. C&D waste is his-
torically challenging to quantify due to several factors such
as inconsistent C&D material definitions, whether there is

infrastructure in place to measure and report quantities,
and how contractors operate relative to the other waste
streams (i.e.,, MSW) (Clark et al., 2006; Kaza et al., 2018).
Further, waste generation and respective collection activi-
ties can vary widely due to local economic conditions, loca-
tion seasonality, and occurrence of disasters or manmade
events. Additionally, C&D waste stream composition can
vary from place to place due to climate-specific needs, lo-
cal availability of materials, building costs, and aesthetics
(Townsend & Anshassi, 2023).

Beyond quantifying waste generation and composition,
identifying local systems, regulations, and organizations
that contribute to collection of waste can uncover gaps
or inefficiencies throughout the C&D waste management
system. In the MSW context, waste is commonly collected
door-to-door at a pre-determined frequency or deposited
by households in central containers or locations for pick
up and transport for disposal (Kaza et al., 2018). In the
C&D context, debris generated on-site, including unused
or scrap material, as well as packaging, can be managed
through a range of options based on the phase of construc-
tion and is primarily overseen by building contractors and/
or waste management servicers. Common approaches for
waste collection during construction include placement
of material-specific containers on site that are regularly
hauled to a disposal facility, hiring of a job-site clean-up
service that stages and removes debris periodically, direct
utilization of primary contractor crew and equipment, and
requiring subcontractors to manage their own waste stag-
ing, processing, and transport for disposal (e.g., requiring
an electrical subcontractor to manage their debris). Dem-
olition waste differs from construction waste in that it in-
cludes whole components and/or composite building ma-
terials, and often these materials are in various conditions
due to use and aging.

In the context of CE, there are several demolition meth-
ods ranging from unselective demolition such as mechan-
ical and implosive demolition, as well as hand demolition,
selective salvaging, deconstruction, and soft stripping,
which follow strict methods for abatement of hazardous
materials that are managed separately (Townsend & An-
shassi, 2023). The adoption of circular C&D waste collec-
tion methods can vary substantially, with local governance
often driving uptake through incentives and ordinances as
well as strategic funding or partnerships that encourage
the development of local markets for salvaged materials.
For example, deconstruction, which encompasses planned
building disassembly to maximize recovery of reusable and
recyclable materials, is required in only a few cities across
the US (CROWD, 2023), highlighting the lack of widespread
integration of this important circular materials manage-
ment strategy.

Data acquisition and benchmarking: Despite these
challenges, there are some established and widely adopt-
ed approaches for estimating C&D waste generation and
composition to help approximate demolition job costs,
inform governance and policy approaches, and anticipate
community planning needs (Table 3 summarizes US-based
estimation methods). Such approaches include relying on
historically reported data when available, taking physical
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measurements and sorting, correlative statistics using
building and economic statistics, and MFA (Townsend &
Anshassi, 2023). For the case of estimating waste gener-
ation and composition at the city or regional scale, math-
ematical modelling approaches may be better suited and
are commonly used in extant literature. For example, Leder-
er et al. (2020) conducted a city-scale MFA of construction
mineral wastes in Vienna, Austria, finding that the city con-
sumed 4.4 metric tons of concrete, masonry, asphalt, and
aggregate in 2014, which they ultimately used to explore
various scenarios advancing local CE efforts.

Impact and stakeholders: The C&D CAP will document
how C&D waste generation and collection are managed
and monitored in local cities to ultimately inform steps to
create more sustainable outlets that are appropriate for
the community. By identifying quantities and types of C&D
waste generated in a community, the CAP can help identify
targeted waste reduction interventions. Similarly, CAP C&D
findings can inform strategies for segregation and collec-
tion operations such as regulating or incentivizing on-site
waste segregation to maximize material recovery. Relevant
collection stakeholders include construction professionals
such as designers, contractors, and builders, as well as
waste management suppliers such as haulers and service
providers (Munaro & Tavares, 2023). Together, these stake-
holder groups lead jobsite management decisions, the
development of guidelines related to on-site waste gener-
ation and segregation, and hauling and processing opera-
tions that are key to efficient C&D debris management and
material recovery. Additionally, government stakeholders
play an important role in incentivizing deconstruction ac-
tivities that contribute to advancing CE at the city scale.

4.6 End-of-cycle

CAP EOC Summary: The original CAP EOC spoke aims
to explore how waste is disposed in (or near) the commu-
nity. While waste reduction is a high priority, effectively
treating waste that is generated is critical for recovering
reusable or recyclable goods and preventing losses to the
environment. To understand the CAP community’s solid
waste management system as part of the local CE, the
CAP maps the local treatment infrastructure related to
consumer plastic goods, such as landfills, material recov-
ery facilities, or composters. Additionally, this spoke can
uncover the role of alternative treatment streams and local
systems. For example, in addition to identifying both for-
mal and informal waste collection outlets in Manila, Jam-

beck et al. (2024) also uncovered the role that informal junk
shops played in recovering rigid plastics and clean PET
which could be sold for recycling.

Defining C&D EOC goals and scope: In alignment with
the original CAP developed for plastics, we similarly define
the goal of the C&D EOC spoke to explore how C&D waste
is managed and treated in the community under investiga-
tion. Broadly, non-hazardous C&D waste is often collected
and treated in conjunction with MSW, however, some mu-
nicipalities and countries require separate collection, sort-
ing, and treatment. EOC treatment for C&D debris includes
similar treatment outlets as plastic goods, such as recy-
cling, landfill and permanent storage, and energy recovery.
When C&D debris is not recovered for salvage, reuse, and
refurbishment, there are several treatment methods that
are driven by material type as well as local levels of infra-
structure and economic development. In the US, 52% of
C&D debris is managed via conversion to aggregate, fol-
lowed by landfill (24%), and conversion to manufactured
products (22%). A small fraction (<1%) is managed via con-
version to fuel, soil amendments (excluding composting),
and compost and mulch (US EPA, 2020). Like other phases
of C&D material life cycle, the treatment of C&D waste can
vary drastically from place to place. For example, in the
US, regulations of C&D waste are largely under the purview
of each state, resulting in a wide range of policies target-
ing the management of C&D waste ranging from how it is
defined, how C&D landfills are designed, requirements for
C&D facility permitting, and whether proximal groundwater
monitoring is required (Clark et al., 2006). Additionally, re-
cycling is heavily dependent on local drivers such as costs
of recovering and market conditions, the presence of green
building programs, regulatory programs or requirements,
and local desire to work toward environmental or sustaina-
bility goals (Townsend & Anshassi, 2023). Taken together,
understanding how various types of waste are managed
can help to inform reduction targets and alternate treat-
ment options.

Data acquisition and benchmarking: The modeling ap-
proaches to estimate C&D waste generation quantities and
composition as described in the previous section (Collec-
tion) can also inform waste treatment targets. As such, we
recommend using common data sources for the Collection
and EOC spokes, with additional EOC-specific input from
stakeholder interviews, inventories of local infrastructure,
potential salvage or resale markets, and waste treatment
facilities to determine where C&D waste is disposed of and

TABLE 3: Examples of US-based approaches for estimating quantities of construction & demolition waste generation, composition, and
end-of-cycle management (Adapted from Townsend and Anshassi 2023).

Approach Source

General method description

Construction statistics US EPA, Franklin Associ-
ates (1998)

renovation.

Estimates building-related debris using correlation of production statistics for six con-
struction & demolition sectors: residential and non-residential construction, demolition, and

Cochran and Townsend
(2010)

Consumption statis-
tics-based material flow
analysis

Estimates total construction & demolition debris generation based on type of construction
project (e.g., new vs. renovation) with consideration of material input

Disposal statistics-based
material flow analysis
(“CDDPath”)

Townsend et al. (2019)

material types

Estimates construction & demolition debris generation and incorporates end-of-life man-
agement pathways (e.g., landfill, recycling, etc.) and secondary feedback and markets for 12
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identify outlets for landfill diversion and improved recycling
and reuse. Like the Collection spoke, waste quantities can
be used as benchmarking metrics to help examine how
various EOC interventions are impacting waste treatment
over time.

Impact and stakeholders: The EOC spoke can help
identify gaps in the local waste management system, as
well as identify potential outlets for material recovery. Im-
proving EOC waste treatment encourages efficient use of
material resources and prevents C&D debris emissions to
the environment. For example, Blengini (2009) showed that
recycling of building materials can be environmentally ben-
eficial by offering reductions in energy consumption and
greenhouse gas emissions. Further, improving the capture
and treatment of C&D debris that cannot be recycled or re-
used can lead to reduced environmental impacts such as
land degradation and pollution. Relevant EOC stakehold-
ers include government authorities and establishments,
who might advance integrated CE processes, guidelines,
and funding into the local waste management system, as
well as waste management suppliers such as haulers, pro-
cessers, and service providers (Munaro & Tavares, 2023),
who may lead decision-making around waste operations,
including data collection and reporting.

4.7 C&D Emissions

CAP Leakage summary: The CAP Leakage spoke aims
to explore what materials end up in the environment and
relevant leakage pathways. To do so, the CAP documents
litter via field transect surveys and observations, establish-
ing a litter density and composition which can then be con-
nected with findings from interviews with local stakehold-
ers and literature to develop strategies for intervention.
Both Maddalene et al. (2023) and Youngblood et al. (2022a)
found variation of litter densities across sampled cities and
population densities in south and southeast Asian commu-
nities, finding that higher populations did not necessarily

correspond to higher litter densities. Similarly, the CAP re-
vealed that the proportion of plastic in litter found in Ma-
nila, Philippines (Jambeck et al., 2024), was less than that
found in cities with relatively developed economies located
in the United States (UN Environment, 2021).

C&D Emissions goals and scope: In the case of C&D,
we similarly define the scope of the C&D Emissions spoke
to explore what and how C&D materials end up in the en-
vironment. First, C&D debris emissions can encompass a
wide range of materials including such as concrete, roof-
ing, lumber and wood products, gypsum board, steel, fin-
ishes and components such as carpeting, paint, appliances
and electronics, insulation, ducting, and inert waste such
as aggregate, dirt, and sand (Townsend & Anshassi, 2023).
Additionally, there are a range of emission pathways for
C&D debris throughout the building life cycle (Figure 4),
such as littering and illegal dumping/fly-tipping (Du et al.,
2021), natural disasters (Dubey et al., 2007), and building
wear and tear (Miller et al., 2020). Active C&D job sites
may be an important source of lost materials (Zadjelovic
et al., 2023), though most construction pollution research
is focused on managing particulate emissions (Cheriyan
& Choi, 2020) rather than solid waste debris losses, which
may often be presumed to be collected and managed. As
such the scope of the C&D Emissions scope must be ex-
panded to include various leakage pathways relevant to the
C&D life cycle.

Data acquisition and benchmarking: The C&D CAP can
leverage similar approaches as the CAP to document de-
bris losses (i.e., transect surveys), but due to the variation
in seasonality and building and construction lifetimes, oth-
er supplemental methods might include surveys of C&D
jobsites and illegal dumping hotspots. Few methods have
been established to specifically target C&D macro-debris
losses, potentially due to unclear definitions delineating
C&D emissions from other sources and sectors. However,
few studies exist that specifically document jobsite losses,

Course of Building
C&D operation
activities &use [1] Mller et al. (2020)
BTapp [2] Zadjelovic et al. (2023)
el Lo [3] Sundt et al. (2014)
i ¥ :
e Material & [4] Muhwezi et al. (2012)
structural [5] Dubey et al. (2007)
s“’fa[°1°]‘””’ [6] Townsend & Anshassi (2023)
Abandoned [7] Shuster et al. (2014)
property /
debris buried [8] Tatiya et al. (2018)
in place [7,8] [9] Lépez & Lobo (2014)
[10] Yang et al. (2017)
Facllity iosses nl:;and:g:l:;:t [11] Kaza et al. (2018)
(e.g., landfills) (e.g., dumpsites)
[9,10] (1]
Collection &
treatment

FIGURE 4: Sources of C&D debris emissions and exemplary references.
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highlighting a need for establishing survey procedures. Za-
djelovic et al. (2023) conducted field surveys proximal to a
construction site in Chile to document losses of expand-
ed polystyrene material used in sidewalk expansion joints,
while Jarlskog et al. (2021) sampled stormwater inlets,
street swept debris, and road dust to examine pollutants
lost from a reconstruction project in Gothenburg, Sweden.
The C&D CAP could similarly track losses adjacent to active
construction areas, in addition to documenting other poten-
tial pathways for construction losses to the environment.
Findings from the C&D CAP can be referenced against pre-
vious surveys that may have been conducted by the com-
munity, local nonprofits, or academic researchers. Addition-
ally, C&D CAP cases can be compared based on leakage
density or product and material composition. In cases that
have not yet established litter surveys, the C&D CAP will act
as a benchmark, providing critical knowledge around C&D
material losses such as materials or products that can be
targeted, hotspots or community areas that can be mitigat-
ed via enforcement or continued monitoring activities, etc.

Impact and stakeholders: Ultimately, knowing the pro-
file and locations of C&D debris losses can help inform
upstream efforts to curb them such as monitoring, en-
forcement of litter and dumping policies, and education
efforts that are adapted to the local community. As one
of the most impactful issues of material management, re-
ducing impacts from pollution can bring important change
to communities. Losses may be prevented by integrating
CE-based strategies into construction and building poli-
cies, with one recent study finding that CE policies may re-
duce construction-related air pollution by 2.92% (Zhu et al.,
2022). Further, connecting upstream strategies to leaked
materials could aid in offsetting costs for cleaning up ille-
gal dumpsites (Du et al., 2021). Key stakeholders for this
spoke include community members who may be impacted
by inadequately managed C&D waste, local contractors or
businesses who may contribute to illegal dumping, organ-
izations that conduct cleanups and education campaigns,
and policymakers who decide on local ordinances that en-
courage and regulate sound waste management systems
and prevent leaked materials from reaching the environ-
ment in the first place (Santos et al., 2019).

5. RECOMMENDATIONS & CONCLUSIONS

Importantly, we propose an iterative process to allow
for community empowerment, progressive assessment,
and reflection. CE assessments offer an essential utility
by generating baseline measurements that can be used as
reference points to monitor impacts and make informed
decisions (Patil et al., 2023). Therefore, we recommend the
following: 1) compilation of initial findings/assessment; 2)
review of the initial findings with the community and then
refinement of the assessment; and 3) reporting of findings
and identification of strategies (Figure 5). The initial as-
sessment is the first phase of the C&D CAP providing a gen-
eral overview of construction and demolition materials be-
ing used and discarded within a city. Information gathered
from the initial assessment is presented to stakeholders
within the community. Based on the objectives determined

by groups, the C&D CAP will be reassessed within the city.
Based on the results from the focused C&D CAP, oppor-
tunities are provided and implemented by stakeholders.

We note that in its current form, the C&D CAP has been
conceptualized based on exploring data outlets and acces-
sibility with a US-based and urban perspective given the
authors’ positioning. As a result, the initial concept of the
C&D CAP presented here is based upon assumptions of
data availability and access that may need to be adjusted
in locations where reporting of construction, demolition,
or general waste management data are not common or
consistent. To address this limitation, future iterations of
the C&D CAP will aim to explore ways to integrate the use
of proxy representations or maximize the use of standard-
ized, global datasets when needed.

Further, the CAP comprises a wide range of topics,
knowledge, and methods. Here, we have generated a brief
overview of potential evaluation tools relevant to each
spoke, with the anticipation that future work will further in-
vestigate theory, methods, and relevant applications to ful-
fill C&D CAP needs in arobust manner, including application
and testing of methods in C&D CAP case cities. Additional-
ly, a key facet of the original CAP method is the co-creation
of community knowledge with local implementation part-
ners. As we examine outlets for generating understanding
of C&D debris management at the city-scale, we anticipate
identifying areas for inclusive and participatory ways for
community members to be involved in the work beyond
stakeholder engagement. For example, trained community
members could lead visual inspections as part of the Build-
ing materials & construction spoke or could contribute to
documenting C&D litter and illegal dumping locations as
part of the C&D Emissions spoke.

We note that the approach used by the CAP aims to
generate transferable, rather than generalizable findings,
such that practical interventions are case-specific but can
offerinsights to other locales in the form of lessons learned
or best practices. The nature of case studies means that
the trajectory of evaluation is not always systematic or lin-
ear, which highlights the importance of considering data
reliability, issues that the methodology has been criticized
for in the past. However, these issues can be addressed
throughout the case study research process by clearly de-
fining the research goal and design, establishing a robust
data collection and case analysis protocol, and elaborating
on methods in reporting (Quint&o et al., 2020). Additional-
ly, validity techniques such as triangulation and member
checking can help support validating study findings, while
researcher reflexivity can help identify prior assumptions or
biases that could influence qualitative data collection and
analysis (Mays & Pope, 2000; Torrance, 2012). Lastly, rely-
ing on public datasets, such as those generated by munic-
ipalities or local contractors, could lead to inconsistencies
in methods, reporting, units, and definitions that can make
assessing solid waste challenging (Kaza et al., 2018). One
recent project adapting climate change methods to the is-
sue of plastic pollution called Project Drawdown created a
rating system for various data sources used in their case
evaluations that could be similarly useful in the application
of the C&D CAP (Royle et al., 2022).
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FIGURE 5: Iterative process of C&D CAP assessment.

By assessing the full life cycle of C&D materials at the
macroscale (e.g., cities, communities), we can identify op-
portunities for aligning various parts of the local CE. For
example, by understanding community needs, we can iden-
tify outlets for workforce development, capacity building,
and potential issues of safety and well-being in relation to
the C&D activities. Further, the nature of the CAP as a com-
munity-based framework portends that outputs and deliv-
erables of the CAP are both specific to each case as well
as accessible to a wide audience in order to foster open
dialogue and collaboration. Supporting cities’ transitions
to the CE can be instrumental for advancing global circu-
larity. The methodological concept presented here aims
to strengthen implementation of such local transitions by
looking across the full life cycle of C&D, while also paving a
pathway for convergence among multiple sectors.
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ABSTRACT
The escalating generation of waste necessitates sustainable management strate-
gies. This review explores the potential of waste materials as sustainable stabilizers

§§VJ'§?,§'2024 for soil used in road construction. Conventional stabilizers like cement, while effec-
Accepted: tive, comes with environmental drawbacks that should be addressed. Alternatively,
4 July 2024 diverse waste-based materials are being investigated as potential substitutes. Their
?;a(')'sgg;"z"(;‘; usage in this regard contributes to lessen adverse ecological impact and improve

soil properties at potentially low costs. Prior to the application of a specific soil sta-
Keywords: bilised with a specific waste material for a specific purpose, the potential risk of local
gja;;einable environmental and health impacts from release and spreading of harmful substanc-

Environment
Soil stabilization
Pavement

es due to leaching or escape of fugitive dust must be assessed and appropriate ac-
tion (precautions, mitigating measures, changes of the soil/stabilizer mixture) must
be taken when necessary to prevent unacceptable impacts. If properly managed,
the utilization of waste materials for soil stabilization aligns with several United Na-
tions Sustainable Development Goals (SDGs). By diverting waste from landfills and
promoting their use in construction, this approach presents a win-win scenario for
both economic and environmental sustainability. Further research and development
efforts are crucial to optimize waste-based soil stabilization techniques, ensuring
durable and eco-friendly pavements. These wastes ultimately improve strength of
the target soil, however, careful consideration should be given to determine the per-
formance of these wastes as stabilizers and to know what aspects would require
mitigation to maximize the potential of these waste materials to be used for good,
instead of causing more harm to the ecosystem.

1. INTRODUCTION

The pace of waste generation is skyrocketing glob-
ally. As per a World Bank assessment executed in 2022,
the world produced solid wastes (SW) which amounted to
2.24 billion tons in 2020, estimating 0.79 kg of SW generat-
ed each day per individual (The World Bank, 2022). Dense
population expanse and industrialization are forecasted
to cause the yearly waste accumulation to climb by 73%,
from 2020 to over 3.88 billion tons by 2050. Conforming
to the United States Environmental Protection Agency
(USEPA) in 2022, nearly every single person, business and
overall human activities produces wastes of some kind,
which include sewage sludge, hazardous and non-haz-
ardous industrial waste, medical waste, nuclear waste,
demolition and construction debris, distillation and mining
waste, wastes from producing oil and gas, residues and
ashes from thermal treatment of industrial, agricultural and
domestic waste and from energy production. Inefficient
handling of waste has a detrimental effect on inhabitants

of world economies. Hence, waste management should
be properly investigated. Sustainable waste management
is a component of the new ‘green’ economy, which strives
to encourage economic expansion while safeguarding the
environment.

The generation, collection, storage, processing (recov-
ery), transportation, and disposal phases are the six seg-
ments that make up the typical division of the solid waste
management procedures. Inadequate administration/
regulation and oversight of these activities may have un-
desirable effects on health and our ecosystem. The cycle
of negative impacts that plagues improper management of
wastes would continue to go on if they are not checked.

Waste management strategies like recycling and reuse
are the most typical in the building sector, where waste ma-
terials have been recycled for use as or in conjunction with
other materials to yield potentially sustainable and cost-ef-
fective building materials (Ofuyatan et al., 2020). Barbuta
et al. (2015) stated that employing disposal resources
while also lowering environmental pollution are both possi-
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ble with the new generation construction materials that are
blended with various wastes. The assessment of waste us-
age in construction has been known to be broad especially
in road pavement construction where recycled materials
have been used for asphalt concrete and bitumen (Rah-
man et al., 2020); and also, for subsoil and embankment
stabilization (Vukicevi¢ et al., 2019) so as to strengthen the
geotechnical attributes of the soils used in pavement layer
design. In this review paper, a detailed examination of the
use of wastes for sustainable soil treatment is presented.
These materials are investigated to determine their poten-
tial to improve soil properties in pavement applications.
This eco-friendly and cost-effective approach could miti-
gate the harmful effects of these wastes on human health
and the environment.

2. SOIL TYPES AND STABILIZATION TECH-
NIQUES IN ROAD CONSTRUCTION: GEO-
TECHNICAL PROPERTIES, ENVIRONMENTAL
CONSIDERATIONS, AND APPLICABILITY

One of the most crucial and fundamental media for
any building project is soil. Any structure’s durability and
strength are contingent on the soil’s strength capabilities.
The complex blend of mineral substances, matter that is
organic, gaseous substances, fluids, and innumerable bi-
ological organisms that makes up soil is what preserves
existence on the Earth. Defective soils are viewed as those
that do not satisfy all or part of the requirements necessary
for them to function competently in geotechnical building
work. Poor load-bearing capacity, severe shrink-swell po-
tential, rapid water drainage, and pollution are frequent
characteristics of these deficient soils. These are likely
to be seen in base courses for roadways, embankments
for roads or dams, subsurface bases for foundations, clay

Complete

changes in
soil physical | Electric and
properties thermal

liners for leachate control, and fills for retaining structures
(Alhassan & Mustapha, 2015). Stabilization would eventu-
ally be necessary to achieve an improvement in the geo-
technical characteristics of these weak and defective soils.
The process of modifying a natural soil to enhance one or
more of its characteristics by adding specialized soil, ce-
ment, or other chemicals is known as “soil stabilization”
(Habiba, 2017). For overall soil improvement, a variety of
techniques have been established and used, as shown in
Figure 1. These techniques start with the more fundamen-
tal ones, like soil replacement, excavation, and drainage,
while moving on to more sophisticated ones, like chemi-
cal-based treatment, the reinforcement approach, variable
modification (hydraulic, electrical, thermal mechanical),
and so on (Gomes Correia et al., 2016; Md Zahri & Zainor-
abidin, 2019; Scope et al., 2021). The methods are suited for
deep, medium, and shallow soil modification, and are com-
monly classified into two groups based on the site details
and geotechnical requirements: a) mechanical techniques
including soil replacement or displacement, phased con-
struction, the preloading phase, the use of stone columns,
embankment supports, and applications of synthetic rein-
forcing (Bordoloi et al., 2017); and b) chemical methods,
such as stabilization of surfaces and deep integration/mix-
ing in place with the use of admixtures including slag from
blast furnaces, cement, gypsum, fly ash, bentonite, silica
fume etc. (Celik & Nalbantoglu, 2017; Sharma & Sivapullai-
ah, 2016; Yadu & Tripathi, 2013).

Conventional stabilizers, such as cement, have been
widely used to stabilize soil over time. Cementitious reac-
tions act to link particles, enhancing stiffness and strength
while decreasing strain and enhancing permeability. Its
calcium-rich nature is essential to its setting, development
of strength, and general effectiveness. However, the pro-
duction of cement is associated with substantial energy
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or surface soil
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Addition of soil
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FIGURE 1: Methods of Soil Stabilization (Gomes Correia et al., 2016).
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and non-renewable resource consumptions as well as a
significant global carbon dioxide (CO,) generating process
(Akinwumi et al., 2023), soil cracking and high cost. The
production of cement is thought to produce significant dis-
charges of greenhouse gases, which contribute significant-
ly to global warming and climate change (Tesanasin et al.,
2022). This is considered very alarming. Hence, alternative
materials to cement are a current necessity (Pelissaro et
al., 2023). As a substitute to cement/lime, the development
of innovative sustainable binding agents is crucial to pro-
moting greener manufacturing and lowering carbon emis-
sion (Dahal et al., 2019).

To improve soil for the construction of road pave-
ments, researchers have been investigating this and are
continuously coming up with ways to use waste materials
like fly ash, rice husk, calcium carbide residue, bagasse
ash, etc., to create environmentally friendly substitute bind-
ers. The development of these cutting-edge low-carbon
stabilization products and procedures is continually pro-
gressing and forging a new path for the field of civil engi-
neering (Yu et al.,, 2024). These substitute admixtures are
taken into consideration because of how well they enhance
soil characteristics. Reclaimed asphalt pavements (RAP),
for instance, have a better capacity to release stresses
conveyed to subgrade, reduce permeability, and have excel-
lent durability against imposed loads, all of which can im-
prove the mechanical performance of the pavement layers
(Hashemian et al., 2023). Furthermore , when employed as
stabilization agents, waste ash from materials like plantain
peels, rice husk, bagasse, etc., exhibits pozzolanic prop-
erties. The primary cause of stabilization efficacy is the
pozzolanic interaction that occurs between calcium-based
compounds and soil. Calcium hydroxide is transported by
water and combines with alumina and silica in aggregates
to generate calcium aluminate hydrate (C-A-H) and calci-
um silicate hydrate (C-S-H), which are the products of the
pozzolanic reaction, which is often slow and lengthy (Ko-
maei et al.,, 2023). The C-S-H gel contributes to the adhe-
sion of the particles, strengthening the mixtures (Juveria
et al., 2023). By virtue of pozzolanic processes, clay soil
that has chemical additions becomes stronger with time.
Upon reaction with the aluminates and silicates in the soil
to form cement gels, the calcium hydroxide (CaOH) creates
a pozzolanic reaction that reinforces the stabilized soil.
Stronger cementation results from higher particle binding
as the amount of cement gels created rises (Sosahab et al.,
2023). These waste products have the effect of obstruct-
ing pores. As a result of their low coefficient of permea-
bility, capillary pores that are blocked cause permeability
reduction, acting as a hydraulic barrier (Karami et al., 2021),
which subsequently supports improved strength and ex-
pansion (Mansour et al., 2022).

In general, alternative binders with strong mechanical
qualities and energy conservation have become very popu-
lar recently. This is because using them to treat soil poten-
tially keeps them out of landfills, which may help in reducing
several environmental difficulties and land waste issues (Li
et al., 2024). Due to their low specific gravity, waste ashes
can pollute land, air, and water, while leakage into ground-
water can result from their disposal in open pits. However,

these issues can be potentially remedied by mixing them
with soil, which when wet, reacts to produce cementitious
materials. Considering these cementitious products are
eco-friendly, using their waste materials for road pavement
stabilization turns out to be an environmentally suitable
way to manage waste (Khandelwal et al., 2023). Before
utilizing these materials in this regard, environmental and
health that may arise from their usage should be assessed
and take steps should be taken prevent them.

Ultimately, the future of soil stabilization lies in embrac-
ing beneficial alternatives. By utilizing waste materials as
stabilizers, we can achieve strong, durable construction
while minimizing environmental impact. Research into nov-
el low-carbon binders and processes is crucial for promot-
ing cleaner production and a lower carbon footprint in the
civil engineering industry. This shift towards sustainable
soil stabilization presents a win-win scenario for both con-
struction and the environment.

3. WASTE MATERIALS USED FOR SOIL STA-
BILIZATION: OPTIMIZING GEOTECHNICAL
PROPERTIES AND MINIMIZING ENVIRON-
MENTAL IMPACTS

Through mix proportions and introducing the appropri-
ate additives or stabilizers, soil stabilization seeks to aug-
ment the integrity or bearing capability of the soil involved
(Diaz-L6pez et al., 2023). The use of conventional stabiliz-
ers like cement and lime has been employed over the years
for soil improvement and has been effective irrespective of
the expensive nature (Anburuvel et al., 2023). Nevertheless,
most highway agencies are not inclined to commit money
on these typical stabilizers for soil restoration because of
budgetary constraints (Zimar et al., 2022) and also due to
their unfavorable impact on the ecosystem as at a glob-
al level, the processing of cement generates around 7% of
greenhouse gas emissions (Chen et al., 2020). As a result,
road authorities and researchers seek industrial byprod-
ucts with pozzolanic characteristics that are potentially
sustainable and more affordable. Some of these waste
materials that have been investigated for use as soil sta-
bilizers are reviewed in this paper. They include reclaimed
asphalt pavement (RAP), recycled concrete aggregates
(RCA),, ground granulated blast-furnace slag (GGBS), steel
slag (SS), rice husk ash (RHA), coal fly ash (CFA), granite
dust (GD), plantain peel ash (PPA), calcium carbide residue
(CCR) and bagasse ash (BA).

3.1 Reclaimed asphalt pavement (RAP)

Maintenance of asphalt roads typically involves mill-
ing the pavement, sometimes down to its full depth, fol-
lowed by applying a fresh layer of pavement. The material
removed during milling, known as reclaimed asphalt pave-
ment (RAP), consists of granular fragments that, when re-
used, enhance an asphalt mixture’s resistance to moisture
and deformation (Spreadbury et al., 2021; Aravind & Das,
2007; Zaumanis & Mallick, 2014).

Reusing RAP offers significant financial savings and
ecological benefits such as reduced greenhouse gas emis-
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sions, landfill diversion, and lower transportation costs
(Foye, 2011; Nassar & Nassar, 2006; Huang et al., 2009;
Celauro et al.,, 2015; Yang et al., 2015). RAP has become
increasingly popular for soil stabilization due to its envi-
ronmental advantages, conserving natural resources and
reducing environmental pollution (Avirneni et al., 2016). It
contains bitumen and aggregates that improve soil strength
and reduce water permeability, making it beneficial for road
construction (Alhaji & Alhassan, 2018). For instance, it has
been successfully used as a granular subbase (GSB) mate-
rial, enhancing structural integrity and stability (Pradhan &
Biswal, 2022; Lima et al., 2023).

Despite these benefits, challenges exist. “Old” asphalt
based on tar has a much higher content of potentially haz-
ardous polycyclic aromatic hydrocarbons (PAH) than “new-
er” asphalt based on bitumen (IARC, 2010), which should
be considered. Preferably, utilization of tar-based asphalt
should be avoided. Also, variability in RAP composition, in-
cluding potential contaminants like heavy metals or PAHs,
requires careful testing and mix design optimization to en-
sure consistent performance (Edeh et al.,, 2011; Legret et
al., 2005). Strategies such as determining optimal RAP pro-
portions and evaluating specific RAP properties are crucial
for effective soil stabilization (Ahmed et al., 2019). Prior
to using RAP-stabilized soil, assessing and mitigating risks
of harmful substance release through leaching or dust to
prevent adverse environmental and health effects is vital.
Overall, RAP offers a beneficial solution for soil stabiliza-
tion, reducing the global demand for virgin aggregates and
energy consumption while diverting waste from landfills
(Milad et al., 2020; Ochepo, 2014). Careful consideration
and management are essential to maximize its benefits
and mitigate potential drawbacks in construction projects.

3.2 Recycled concrete aggregates (RCA)

The disposal of construction and demolition (C&D) de-
bris, particularly concrete waste, is escalating worldwide
due to the proliferation of structures in developed and devel-
oping nations. In Europe alone, over 800 million tons of C&D
waste are generated annually, with concrete constituting up
to 75% of this waste by weight (Wang et al., 2023). Recycling
and reusing these concrete wastes for pavement layers
have gained global attention as an environmentally sustain-
able approach to construction (Lu et al., 2021; Poltue et al.,
2020; Saberian et al., 2018; Yaghoubi et al., 2018). Recycled
concrete aggregates (RCA) predominantly constitute C&D
waste, ranging from 65% to 80% natural aggregates (NA)
and 20% to 35% cement mortar, typically sized between 20
and 30 mm (Saberian et al., 2020; Al-Obaydi et al., 2021;
Tavakol et al., 2020; Sohrabpour & Long, 2021; Arulrajah et
al., 2022). RCA finds applications in various construction
contexts such as backfills around culverts, railroad cap-
ping layers, stabilized road pavements, and geobag walls
(Sohrabpour & Long, 2021; Mohammadinia et al., 2020;
Vegas et al., 2011; Arulrajah et al., 2014; Wu et al., 2020).

Recent research highlights the superior cementitious
properties of sand-sized RCA (less than 5 mm), which
contain higher cement paste compared to gravel-sized
RCA, making them suitable as supplementary cementi-
tious materials (Evangelista et al., 2015; Moreno-Juez et

al., 2021; Mikos et al., 2021). In soil stabilization, RCA has
proven effective in enhancing engineering properties such
as reduced plasticity, improved compaction efficiency, and
increased bearing capacity. For instance, it has been suc-
cessfully used to stabilize clay soils and improve the bear-
ing potential of soils like black cotton soil (Kianimehr et
al., 2019; Pazare et al., 2023). The addition of RCA to soils
enhances their strength and stability, making them suitable
for various construction applications including subgrade or
subbase of road pavements. RCA usage in pavement con-
struction may also be characterized by reduced costs. This
is because as CBR rises, it is possible to decrease pave-
ment thickness, thereby lowering construction costs (Datta
& Mofiz, 2021).

However, the application of RCA is not without chal-
lenges. Variability in RCA properties due to differences in
source concrete composition and processing methods
necessitates rigorous testing and optimized mix designs
(Datta & Mofiz, 2021). The angular and rough texture of
RCA can affect workability, requiring adjustments in mixing
techniques or additives (Shourijeh et al., 2022). Moreover,
residual contaminants like heavy metals from the original
concrete, such as chromium, lead, and arsenic, pose poten-
tial risks of leaching into the soil under certain conditions
(Galvin et al., 2013). Careful engineering design, thorough
testing of RCA and soil mixes, and selecting low-contam-
ination risk sources should be taken into consideration
(Tavakol et al., 2019; Kianimehr et al., 2019). Conducting a
thorough evaluation of potential environmental and health
risks from leaching or dust in RCA-stabilized soil and tak-
ing steps to mitigate these impacts before application is
important. In conclusion, while RCA offers potentially sig-
nificant benefits in terms of cost savings, resource conser-
vation, and environmental sustainability in construction,
careful consideration of its properties and likely drawbacks
is crucial for its effective application in soil stabilization
and other construction activities.

3.3 Ground granulated blast-furnace slag (GGBS)

Increasing the use of supplemental cementing com-
ponents like ground granulated blast-furnace slag (GGBS),
which are often discarded in lagoons and landfills, is es-
sential for reducing construction costs and greenhouse
gas emissions from traditional stabilizers like cement and
lime, such as carbon dioxide (CO,), nitrous oxide (N,0),
and methane (CH,) (Sharma & Sivapullaiah, 2016). GGBS
is a byproduct of pig iron production, ground into a fine,
non-crystalline form after rapid cooling. Its reuse in engi-
neering applications is considered environmentally benefi-
cial, frequently serving as a binding agent in concrete and
mortar (Pal et al., 2003; Jin et al., 2015; Zhao et al., 2023).
With increasing availability, GGBS has also been applied in
soil treatment and stabilization.

Rasool and Kapoor (2017) explored GGBS as a substi-
tute for cement or lime to support increased traffic stress-
es on foundation structures. They added GGBS to clayey
sand in proportions of 0%, 6%, 12%, 18%, and 24%, finding
that 18% GGBS maximized the CBR value. These results
suggest that the effectiveness of GGBS can be enhanced
with an activator to break its glassy phase, as GGBS is a la-
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tent hydraulic material (Mumtaz & Bhatia, 2022). Yadu and
Tripathi (2013) also assessed GGBS for soft soil stabiliza-
tion, combining soil with 3%, 6%, 9%, and 12% GGBS. They
observed improved soil strength and physical properties,
reduced OMC, and increased MDD, attributed to GGBS's
higher specific gravity (2.89) compared to soil (2.56).
Additionally, they reported a significant reduction in soil
swelling and an increase in UCS and CBR values, with 9%
GGBS being optimal. Further studies indicate that GGBS
can improve various soil types. Patel et al. (2020) found a
15% inclusion optimal for black cotton soil, while for soft
clay with poor shear strength, 40% was most effective.
Research consistently supports GGBS as a beneficial and
efficient replacement for traditional stabilizers, enhancing
soil strength and stability while addressing environmental
concerns. Optimizing GGBS activation methods could yield
even greater benefits (Pathak et al., 2014).

However, caution is necessary due to potential draw-
backs. GGBS effectiveness can vary with its chemical
composition, influencing its reaction with soil components
(Al-khafaji et al., 2017; Sharma & Sivapullaiah, 2016; Rizki
Abdila et al., 2020). In certain soils or environmental con-
ditions, elements in GGBS may leach into the environment
(Mdllauer et al., 2015). Before using soil stabilized with
GGBS, assessing the risk of environmental and health im-
pacts from harmful substances leaching or dust escaping,
and taking necessary precautions to prevent negative ef-
fects is vital.

3.4 Steel slag (SS)

Urban expansion has led to a significant rise in steel
slag (SS), an alkaline waste product from iron and steel
smelting processes. Annually, China alone generates over
100 million tons of SS (Yu et al., 2024). While SS is used
in various applications such as iron-ore processing, road
fillers, and railroad ballast, its utilization rate remains low,
below 25% (Pang et al., 2015). This underutilization exacer-
bates environmental concerns due to SS disposal.

Efforts to harness SS more effectively have focused
on enhancing soil properties, particularly for soil stabili-
zation purposes. Studies have shown promising results in
improving geotechnical characteristics when incorporating
fine steel slag aggregate (FSSA). For instance, Aldeeky and
Hattamleh (2017) demonstrated that adding 20% FSSA to
high-plasticity subgrade soil reduces plasticity index and
free swell by 26.3% and 58.3%, respectively. Moreover, it
increases unconfined compressive strength (UCS), maxi-
mum dry unit weight, and California Bearing Ratio (CBR) by
100%, 6.9%, and 154%, respectively. Similar benefits were
observed in lateritic soils and expansive soils, where SS
additions improved workability and reduced swelling po-
tential (Jaja & Tamunoemi, 2022; Kabeta & Lemma, 2023).

Optimal SS content varies by soil type but generally
ranges between 8% to 25%. Above this range, diminishing
returns and increased leaching risks of heavy metals be-
come concerns (Navarro et al., 2010; Piatak et al., 2019).
Several types of steel slag exist such as basic oxygen fur-
nace (BOF) slag, Electric Arc Furnace (EAF) slag, Ladle Fur-
nace Slag (LFS), and others. BOF slag, the most common
type, is produced during oxygen injection to remove impu-

rities (Chen et al., 2023). Also, EAF slag is formed during
electric arc melting of scrap steel (Skaf et al., 2017), while
LFS is produced during refining stages in a ladle after BOF
or EAF (Najm et al.,, 2021) and has similar composition to
BOF slag but finer particles. These various steel slag types
differ in both functional and leaching properties, and the
most problematic substances with respect to leaching and
environmental impact are generally Barium (Ba), Vanadium
(V), Molybdenum (Mo), Chromium (Cr), and Fluorine (F) (Ri-
ley & Mayes, 2015; Spanka et al., 2017). The leaching prop-
erties may change with time after application due to chang-
es in pH (carbonation of the generally alkaline slags) and
changes in redox potential (Van Zomeren et al., 2011). The
potential of SS to undergo Alkali-Silica Reaction (ASR) with
silica-rich soils, leading to expansion and cracking is also
a concern (Choi & Yang, 2020). Before applying soil stabi-
lized with SS, identifying and addressing risks of harmful
substances leaching or dust escaping to safeguard the en-
vironment and health is a necessary step to take. In conclu-
sion, while SS offers a cost-effective solution for improving
soil properties and mitigating environmental impact from
steel production (Akinwumi, 2014), careful consideration
of its application and potential risks is crucial to ensure
beneficial use and effective soil stabilization practices.

3.5 Rice husk ash (RHA)

Rice husks, a byproduct of paddy dehusking, vary in
weight from 20% (Mehta, 1986) to 23% (Della et al., 2002)
of the total paddy weight. Traditionally regarded as waste,
they are often incinerated in boilers used for processing
paddy, with about 20% of their weight converting to ash
(Mehta, 1986). Rice husk ash (RHA) predominantly con-
sists of silica, its amorphous nature influenced by burning
methods (Nair et al., 2006), making it a pozzolanic material
(Mehta, 1986). Annually, India alone generates over 4 mil-
lion tons of RHA from its 100-million-ton paddy production
(Kumar & Gupta, 2016), while China produces approximate-
ly 40 million tons (Yan et al., 2022), and Nigeria contributes
an estimated 2 million tons (Oyetola & Abdullahi, 2006). As
rice milling is ongoing, the accumulation of rice husks in
the environment continues to rise, prompting efforts to find
beneficial solutions like soil stabilization.

Using RHA for soil enhancement can lead to cost-ef-
fective construction methods and environmentally friendly
waste disposal, reducing cement use, energy consumption,
and greenhouse gas emissions (Kumar & Gupta, 2016).
Due to its pozzolanic properties, RHA can effectively stabi-
lize soil as an alternative to conventional binders like lime
and cement (Basha et al., 2005). Studies have shown that
incorporating RHA can enhance soil strength, as observed
in various soil types such as A-7-6 lateritic soil (Alhassan,
2008; Paul & Sarkar, 2023) and black cotton soil (Ghutke et
al., 2018). Optimal results typically occur at specific RHA
concentrations, such as 6-8% for lateritic soil (Alhassan,
2008; Okafor, 2009) and 12% for black cotton soil (Ghutke
et al., 2018), underscoring the importance of precise mix
proportions.

While RHA offers advantages in terms of cost-effec-
tiveness and environmental benefits (Behak, 2017; Push-
pakumara & Mendis, 2022; Reis et al., 2022), its efficacy as
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a stabilizer can vary due to factors like inconsistent burning
temperatures during production (Tuhin et al., 2020). High
alkalinity in RHA can also pose risks of element leaching
upon contact with water (Reis et al., 2022). Assessing and
mitigating potential environmental and health risks from
harmful substances in soil stabilized with RHA before
use should be considered to prevent adverse effects from
leaching or dust. In conclusion, RHA presents a promising
option for soil stabilization, offering both technical and en-
vironmental advantages, provided proper production and
application protocols are observed.

3.6 Coal fly ash (CFA)

Geotechnical and transportation engineers are keen
on improving materials for highway pavement layers, as
deficient pavement layers significantly raise construction
costs. Stabilizing the base, sub-base, and subgrade layers
is crucial when naturally occurring materials are inade-
quate. Coal fly ash (CFA), a byproduct of coal combustion
in thermal power plants, is increasingly used in soil stabili-
zation due to its low cost, regional availability, and environ-
mental benefits.

CFA, known for its pozzolanic properties, enhances the
qualities of pavement layers by reducing the swell potential
of highly plastic clays and improving the strength and com-
pressibility of weak soils. Studies have shown that adding
CFA to soils can significantly improve their engineering
properties. For example, CFA addition to black cotton soil
reduced Atterberg limits and increased CBR and UCS val-
ues. Optimal CFA content for various soils varies, with 10-
20% often recommended (Gireesh Kumar & Harika, 2021;
Andavan & Hassaan, 2018). The use of CFA in soil stabiliza-
tion not only improves pavement performance but also ad-
dresses environmental concerns by reducing landfill waste
from coal-fired power plants. It provides a cost-effective
and sustainable solution for enhancing weak pavement
layer materials (Renjith et al., 2021).

However, CFA properties can vary depending on the
source coal, affecting its stabilization effectiveness. Ad-
ditionally, some CFA contains trace heavy metals, posing
environmental and health risks if not properly managed
(Wang et al., 2022). For alkaline CFA, the major potentially
critical substances with respect to leaching and environ-
mental impact are the oxyanions formed by chromium (Cr),
arsenic (As), selenium (Se), vanadium (V), and molybde-
num (Mo) (Cornelis et al., 2008), while for acidic CFA met-
als like cadmium (Cd), zinc (Zn), and copper (Cu) are of
greater relevance (Liu et al., 2005). Evaluating environmen-
tal and health risks from leaching or dust in CFA-stabilized
soil and implementing necessary precautions before appli-
cation to avoid harmful impacts is key. In conclusion, CFA
is a valuable tool for highway and geotechnical engineers,
offering benefits such as improved soil strength and stabil-
ity, beneficial waste management, and reduced construc-
tion costs. With ongoing research and optimization, CFA's
role in sustainable pavement construction is likely to grow.

3.7 Granite dust (GD)

Granite dust (GD) results from cutting and grinding
granite, forming colloidal waste when mixed with water

and becoming a non-biodegradable dry pile in landfills
(Singh et al., 2016; Taji et al., 2019). Industrial processes
on granite yield about 65% waste, leading to environmen-
tal concerns like water pollution, air contamination, and
land infertility (Singh et al., 2016; Danish et al., 2021). To
mitigate these issues, GD has been increasingly used as
a supplementary cementitious material (SCM), replacing
cement to reduce environmental impact, CO, emissions,
energy consumption, and resource depletion (Arel, 2016;
Danish et al., 2019). Researchers have shown interest in
using GD to create cementitious materials, benefiting the
construction industry by reducing disposal costs, promot-
ing beneficial use, and enhancing composite properties (Li
etal., 2019; Aydin & Arel, 2019; Sadek et al., 2016).

GD is also useful in soil stabilization. Eltwati et al.
(2020) investigated GD's impact on clayey soil, finding that
adding 8% GD significantly improved soil density, CBR, and
shear strength, enhancing engineering properties to be
about 2.8 times better than untreated soil. Babu and Naga-
raju (2022) observed similar results with black cotton sail,
noting GD's cost-effectiveness and environmental benefits.
Amulya et al. (2021) found GD to be a low-carbon-intensity
component for geotechnical and concrete activities; reduc-
ing CO, emissions and improving soil properties through
enhanced inter-particle bonding and new mineral forma-
tion (Abdelkader et al., 2022).

Despite its benefits, GD’s effectiveness depends on the
optimal content and soil type (Eltwati et al., 2020). Thor-
ough laboratory tests are essential to determine the best
GD content for specific soils, ensuring effective stabili-
zation. Proper gradation of GD particles can improve the
packing density and strength of stabilized soil. Addition-
ally, conducting a risk assessment for harmful substance
release from soil stabilized with GD is necessary. It is also
important to ensure preventive measures are in place to
mitigate environmental and health impacts before use. In
summary, GD, once a waste product, now offers sustaina-
ble solutions in construction and soil stabilization, support-
ing a more economically and ecologically beneficial future.

3.8 Plantain peel ash (PPA)

The global agro-industry generates significant agricul-
tural waste annually, causing environmental issues (Vil-
lamizar et al., 2012). Experts have explored alternatives like
soil stabilization to limit waste, with plantain peels gaining
attention, especially in developing nations where they are
abundant. Nigeria, a top plantain producer, consumes most
of its yield domestically, leading to considerable waste
(Amaya, 2018; Usman et al., 2018). The disposal of plan-
tain peels produces harmful gases like ammonia (NH,) and
hydrogen sulfide (H,S) (Ifetayo & Pretorius, 2018).

Researchers have investigated using plantain peel
ash (PPA) for soil stabilization. Ishola et al. (2019) stud-
ied its impact on tropical red soil strength. Plantain peels
were dried, burned at 500°C, and sieved to produce ash.
Tests showed varying specific gravity, reduced plasticity
index, liquid and plastic limits, and moisture content, with
increased maximum dry unit weight. Unconfined compres-
sive strength (UCS) peaked at 10% PPA, and California
Bearing Ratio (CBR) improved at 4% PPA. PPA, combined
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with lime or cement, was suggested for road pavement
layers to reduce construction costs. Akinwumi et al.
(2023) found PPA-treated soil suitable for rural road em-
bankments and fills due to pozzolanic reactions forming
calcium silicate hydrate (C-S-H), which densifies the soil
matrix. This process causes soil particles to agglomerate,
enhancing strength over time. PPA is seen as a beneficial,
cost-effective soil stabilizer, particularly in developing na-
tions with high plantain production.

However, PPA might not always meet high-strength
requirements for all applications, and its effectiveness de-
pends on soil type and ash amount (Ishola et al., 2019).
There is also a risk of heavy metals leaching (Olabaniji et
al., 2012). Prior to using PPA-stabilized soil, assessing
and mitigating risks of harmful substance release through
leaching or dust to prevent adverse environmental and
health effects are necessary steps to take.

3.9 Calcium carbide residue (CCR)

Certain waste materials rich in Ca(OH),, such as cal-
cium carbide residue (CCR), a byproduct of acetylene
manufacturing, can be repurposed to create cementitious
materials, benefiting the environment and economy (Hor-
pibulsuk et al., 2013). CCR, primarily a slurry with high alka-
linity and water content, often pollutes water sources and
contributes to environmental degradation when stockpiled
(Krammart & Tangtermsirikul, 2004; Sharma & Reddy, 2004;
Du et al., 2011). China alone produces around 28 million
tons of CCR annually, most of which ends up in landfills (Li
etal, 2024).

A low-carbon, energy-efficient way to mitigate CCR
stockpiles is to use it for soil stabilization, which also alle-
viates environmental concerns (Horpibulsuk et al., 2012).
CCR has been effective in pavement and geotechnical ap-
plications. Field tests by Du et al. (2016) demonstrated that
CCR is a cost-effective, environmentally friendly binder for
stabilizing soft subgrade soils, with significant engineering,
economic, and environmental benefits. Chindaprasirt et al.
(2020) confirmed that CCR-stabilized laterite’s engineering
properties improve due to pozzolanic reactions. Higher
CCR concentrations enhance soil strength and durability,
making it a viable alternative to traditional stabilizers like
lime and cement (Ayodele et al., 2020). Research shows
a direct proportionality between UCS, CBR, and CCR con-
tents, enhancing soil workability and strength (Akinwumi et
al., 2018). An optimal 4% CCR application is recommended
for stabilizing sand in road construction, offering a low-
cost, eco-friendly method, especially for developing coun-
tries. Using CCR reduces pollution from stockpiled waste,
lowers construction costs, and produces strong, durable
soil for various construction uses.

However, CCR usage has potential drawbacks. Strength
may decrease after repeated wetting and drying cycles, ne-
cessitating further durability studies (Julphunthong et al.,
2024). CCR may also contain trace heavy metals, risking
soil and groundwater contamination if not properly man-
aged (Hassan et al., 2019). Combining CCR with other poz-
zolanic stabilizers can further improve long-term strength.
Furthermore, ensuring a risk assessment for environmen-
tal and health impacts from harmful substance release in

soil stabilized with CCR is important, as well as applying
necessary precautions to avoid unacceptable outcomes.
In summary, CCR offers a sustainable solution for waste
management while enhancing soil properties, providing a
viable and cost-effective alternative to traditional soil sta-
bilizers.

3.10 Bagasse ash (BA)

Bagasse, the fibrous residue from crushed sugarcane,
and its ash (BA), produced when bagasse is burned, pose
environmental risks if improperly disposed of. Inhaling ba-
gasse dust can lead to “bagassosis,” a rare but serious res-
piratory condition (Choudhari et al., 2020). Proper disposal
and utilization of BA are crucial, particularly in engineering
applications.

With high silica content, BA is a valuable pozzolanic
material suitable for stabilizing road subgrades (Hasan et
al., 2016). It offers an eco-friendly and cost-effective al-
ternative for soil improvement, essential given the signif-
icant sugarcane production in countries like Brazil, India,
China, and Thailand (Shahbandeh, 2024). The use of BA
in construction can support sustainable development by
recycling industrial waste into building materials (Dang et
al., 2021). Research indicates BA's effectiveness in sta-
bilizing wet, unstable soils, reducing soil swell, and miti-
gating settlement issues (Khandelwal et al., 2023; Gandhi,
2012; Srinivasa et al., 2017). It also improves low to high
plastic clays and can stabilize expansive soils and peat,
supporting road embankments in agricultural or rural ar-
eas (Khan, 2019; Surjandari et al., 2017; Abu Talib & Nori-
yuki, 2017).

While BA is cost-effective and improves soil strength, it
may not match cement’s strength for high-traffic applica-
tions (Osinubi et al., 2009). Variations in BA composition
due to different sugarcane varieties and burning conditions
necessitate project-specific testing to determine optimal
dosages (Xu et al., 2018). Combining BA with other pozzo-
lanic stabilizers and sourcing from reliable suppliers can
enhance its performance (Awadalseed et al., 2023). Before
using soil stabilized with BA, the risk of environmental and
health impacts from harmful substances leaching or dust
escaping should be assessed, and necessary precautions
to prevent negative effects should be taken.

4. SUSTAINABILITY INUTILIZING ALTERNA-
TIVE STABILIZERS

It is no surprise that numerous researchers have been
looking into various waste materials aimed at boosting
earth mineral content by originating avenues to incorpo-
rate them as environmentally suitable equivalent resources
for developing and upholding roads (Oyebisi et al., 2020;
Bamigboye et al., 2021). Studies like these verify that utiliz-
ing such wastes, notably forimproving soil, assists in trans-
forming wastes in a beneficial manner (Ewa et al., 2022).
Careful attention must also be given when utilizing these
wastes for soil stabilization as their usage may be char-
acterized by some potential drawbacks as summarized
in Table 1. Ultimately, it is necessary to ascertain the ge-
otechnical properties (strength, leaching, workability, etc.)
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of the soil and stabilizer combination and perform relevant
risk assessments. This would help to determine the per-
formance of these wastes as stabilizers and also to know
what aspects would require mitigation and/or precautions
to maximize the potential of these waste materials to be
used for good, instead of causing more harm to the eco-
system. This points to the fact that prior to the application
of a specific soil stabilised with a specific waste material
for a specific purpose, the potential risk of local environ-
mental and health impacts from release and spreading of
harmful substances due to leaching or escape of fugitive
dust must be assessed and appropriate action (precau-
tions, mitigating measures, changes of the soil/stabilizer
mixture) must be taken when necessary to prevent unac-
ceptable impacts.

As a criterion for choosing stabilizers for soil stabiliza-
tion, sustainability must be the principal focus. One of the
major aims of seeking for alternative soil stabilizers in con-
trast to the traditional method used (cement-soil and lime-
soil stabilization) is to protect the environment from the
environmental hazard associated with these conventional
methods; as CO, emission is characterized with their pro-
duction (Tesanasin et al., 2022). CO,, a greenhouse gas, is
characterized by its increasing concentration in the atmos-
phere which contributes to increasing temperatures on
Earth. This is a source of concern in our ecosystem. Thus,
selecting alternative soil stabilizers should be of benefi-
cial use in terms of cost-effectiveness and environmental
safety. Stabilization using waste ash and waste slag is an
economical way of reducing these pollutants and inducing
considerable soil strength. However, on the long run, they
may induce weak shear planes in the soil when applied be-
yond optimal points, thus impeding further strength gain
(Kassa et al.,, 2020). This can be a major problem during
freeze-thaw cycles and increased traffic loads which can
adversely affect the road pavement. On the other hand,
waste materials like GD, CCR and RCA have been known
to produce better results compared to the aforementioned,
which may be attributed to having some cementituous
properties comparable to traditional stabilizers (Danish
et al,, 2019; Gencel et al., 2020). They yield appreciable
strength for sub-grade while providing sustainable dispos-
al strategies for waste mitigation. Therefore, waste materi-
als to be used for soil stabilization should be chosen based
on the criteria that its usage would not pose any danger to
the environment; and that its financial feasibility and has
potentially beneficial use. Also, when utilizing waste ash
for soil stabilization, careful attention should be given to
the combustion process. To optimize beneficial use, the
combustion process producing the ash should take place
under properly controlled conditions, including cleaning of
the stack gases and proper management of quench water
so as to mitigate emissions of chemicals that are harmful
to human health and the environment and also to regulate
the entire combustion system for process efficiency and
control.

Mekonnen et al. (2020) concluded that conventional
stabilizers, like cement/lime, are costly; In some places, the
cost can even triple that of alternative additives, and this
cost increases even further when the bulky materials need

to be transported over lengthy distances to low-volume
road construction destinations. Ultimately, utilizing waste
materials for improving the qualities of road pavement lay-
er materials reduces construction cost since the waste ma-
terials are often readily available and far cheaper, or even
free, compared to conventional stabilizers like cement or
lime. This translates to direct savings on material procure-
ment. Using waste materials for soil improvement means
that they are essentially being diverted from landfills. This
eliminates tipping fees associated with waste dispos-
al, leading to additional cost savings. Also, using these
waste materials as alternative soil stabilizers contributes
to several Sustainable Development Goals (SDGs) by the
United Nations (2015), as seen in Figure 2. It supports SDG
6 — Clean Water and Sanitation. Improper waste disposal
can contaminate water sources. By diverting waste from
landfills and putting it to good use, we can help protect
water quality. In essence, using waste as a soil stabilizer
offers a potentially beneficial and environmentally friendly
approach to construction compared to traditional meth-
ods. Furthermore, utilizing these alternative materials en-
courages SDG 11 — Sustainable Cities and Communities.
This goal aims for sustainable development in cities and
communities. Reusing waste materials for construction
purposes reduces reliance on virgin materials and minimiz-
es landfill waste, contributing to a more sustainable built
environment. It also fosters SDG 12 — Responsible Con-
sumption and Production. This goal promotes responsible
production and consumption patterns. By finding benefi-
cial uses for waste products, we lessen the environmen-
tal impact of production processes and reduce the overall
amount of waste generated. SDG 15 - Life on Land is also
promoted. This objective is to safeguard, replenish, and
encourage beneficial use of our terrestrial ecosystems.
Stabilizing weak soils with waste materials can help pre-
vent erosion and improve land quality, promoting healthy
ecosystems.

Utilizing waste materials for soil stabilization presents
a compelling solution. It not only offers a cost-effective
alternative to traditional methods stemming from local
production and minimal transport, but also promotes en-
vironmental sustainability by reducing CO, emissions, di-
verting waste from landfills, and contributing to several
UN Sustainable Development Goals. It is also important
to note that the degree at which the release of potentially
harmful substances to the environment will be reduced as
regards the utilisation of a waste material as a soil stabilis-
er depends on the quality and operation of the landfill and
the leaching properties of the stabilised soil as well as on
the conditions of use, i.e. the utilization scenario (and the
climatic conditions). Before using waste-stabilized soil, as-
sessing and mitigating risks of harmful substance release
through leaching or dust to prevent adverse environmental
and health effects are key steps to take to ensure optimal
usage. As we move forward, continued research and devel-
opment in this area can further optimize waste-based soil
stabilization techniques, ensuring strong, potentially bene-
ficial, and eco-friendly construction practices.
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TABLE 1: The advantages and potential drawbacks of utilizing waste materials for soil stabilization.

Waste Materials

Advantages in stabilizing soil

Drawbacks

Reclaimed asphalt pavement
(RAP)

Reduces demand for virgin aggre-
gates, lowers energy consumption
during production of new materi-
als and diverts waste from landfills
(Ochepo, 2014; Milad et al., 2020).

“0ld” asphalt based on tar has a much higher content of potentially hazard-
ous polycyclic aromatic hydrocarbons (PAH) than “newer” asphalt based on
bitumen (IARC, 2010).

RAP composition can vary depending on the source and age of the asphalt
pavement, requiring careful testing and mix design optimization for consis-
tent performance (Edeh et al., 2011).

RAP may contain trace amounts of heavy metals that could leach into the
surrounding environment if not properly managed (Legret et al., 2005).

Recycled concrete aggregated
(RCA)

Strength enhancing qualities, cost
savings in construction projects,
and resource conservation (Ta-
vakol et al., 2019; Datta & Mofiz,
2021).

RCA properties can vary depending on the source concrete’s composition
and processing methods. This inconsistency requires careful testing and mix
design optimization (Datta & Mofiz, 2021).

The angular shape and rough texture of RCA can make mixtures less
workable compared to smooth, rounded natural aggregates (Shourijeh et al.,
2022).

Heavy metals from the original concrete e.g. chromium, lead, arsenic etc., can
leach into the soil under certain conditions (Galvin et al., 2013).

Ground granulated blast-furnace
slag (GGFS)

Improve various engineering prop-
erties of soil in a cost effective
and environmentally friendly way
(Pathak et al., 2014).

The effectiveness of GGBS can vary depending on its chemical composition,
which can influence its reaction with soil components (Al-khafaji et al., 2017;
Sharma & Sivapullaiah, 2016; Rizki Abdila et al., 2020).

There's a risk of some elements in GGBS leaching into the surrounding envi-

ronment (Mllauer et al., 2015).

Steel slag (SS)

Proffers a cost effective and
sustainable way of improving soil
properties (Akinwumi, 2014).

Steel slag can potentially leach heavy metals like barium, vanadium, molybde-
num, chromium, and fluorine into the surrounding environment if not properly
characterized and managed (Riley & Mayes, 2015; Spanka et al., 2017).

Steel slag with high alkalinity can react with silica-rich soils leading to expan-
sion and cracking within the stabilized soil (Choi & Yang, 2020).

Rice husk ash (RHA)

Cost-effective, environmentally
friendly and ability to boost soil
strength (Behak, 2017; Pushpaku-
mara & Mendis, 2022; Reis et al.,
2022).

Inconsistent burning temperatures can affect its effectiveness as a stabilizer
(Tuhin et al., 2020).

RHA with high alkalinity can lead to leaching of certain elements upon expo-
sure to water (Reis et al., 2022).

Coal fly ash (CFA)

Offers several advantages such as
improving strength and stability of
soil, sustainable waste manage-
ment and reduction of construc-
tion costs (Ahmad et al., 2024)

CFA properties can vary depending on the source coal, which can affect its
effectiveness in stabilization (Bhatt et al., 2019).

Some CFA contains trace amounts of heavy metals. For alkaline CFA, the ma-
jor potentially critical substances with respect to leaching and environmental
impact are the oxyanions formed by chromium, arsenic, selenium, vanadium
and molybdenum (Cornelis et al., 2008), while for acidic CFA metals like
cadmium, zinc, and copper are of greater relevance (Liu et al., 2005). Improper
use can lead to leaching into groundwater, posing environmental and health
risks (Wang et al., 2022).

Granite dust (GD)

Strength inducing capabilities in
soil, cost effective and eco-friendly
(Zorluer & Giicek, 2017; Babu &
Nagaraju, 2022).

The optimum content of GD is crucial as this significantly impacts the results.
The effectiveness of GD can vary depending on the soil type (Eltwati et al.,
2020).

Plantain peel ash (PPA)

Moderately improves soil strength.

It might not always meet the high-strength requirements for all construction
applications.

The effectiveness of PPA is dependent on the specific soil type and the
amount of ash used (Ishola et al., 2019).

There is also a likelihood of trace amounts of heavy metals leaching into the
soil from PPA (Olabaniji et al., 2012).

Calcium carbide residue (CCR)

Offers a sustainable solution for
managing waste while improving
the qualities of soil.

While CCR initially improves strength, there is a likelihood of a potential
decrease in strength after repeated wetting and drying cycles (Julphunthong
etal., 2024).

CCR can also contain trace amounts of heavy metals (Hassan et al., 2019),
raising concerns about potential soil and groundwater contamination if not
properly managed.

Bagasse ash BA)

Offers a cheaper alternative to
conventional stabilizers in improv-
ing workability of soil.

While BA improves soil strength, it might not achieve the same level of
strength as cement, particularly for high-traffic applications (Osinubi et al.,
2009).

The composition of BA can vary depending on sugarcane variety, burning
conditions, and other factors (Xu et al., 2018).

5. CONCLUSIONS
TIONS

An overview of sustainable soil stabilization techniques
for road pavement layers using waste materials is present-
ed in this study. It highlights the growing concern of the
global emergence of wastes and its detrimental impact on

AND

RECOMMENDA-

health and the ecosystem. Through examination of various
waste materials (reclaimed asphalt pavement, recycled
concrete aggregates, ground granulated blast-furnace
slag, steel slag, rice husk ash, coal fly ash, granite dust,
plantain peel ash, calcium carbide residue and bagasse
ash), this review highlights the potential of these materi-
als in enhancing soil properties for road construction while
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FIGURE 2: SDGs promoted through the utilization of wastes as soil stabilizers.

mitigating environmental impacts. Since traditional stabi-
lizers like cement and lime are linked to significant carbon
emissions and environmental risks, the study highlights the
significance of finding beneficial substitutes. Not only can
constructing expenses be minimized but landfill contami-
nation can be prevented by using waste materials as stabi-
lizers. Utilizing waste materials also supports the Sustain-
able Development Goals, which include protecting life on
land, fostering sustainable cities and communities, clean
water and sanitation, and responsible consumption and
production. Additionally, the need for careful consideration
in selecting stabilizers to ensure beneficial use in terms of
cost-effectiveness and environmental safety remains key
for sustainable waste management. While waste materials
offer promising solutions, their optimal usage should be
determined to prevent potential drawbacks such as weak
shear planes and impeded strength gain. Furthermore, con-
tinued research and development in waste-based soil sta-
bilization techniques are essential to optimize their effec-
tiveness and promote eco-friendly construction practices.
Also, conducting field trials and case studies to validate the
effectiveness of waste-based soil stabilization techniques
in real-world construction projects is recommended. These
trials can provide valuable insights into the practical chal-
lenges and benefits associated with using waste materi-
als for road pavement layers. In general, the stabilization
potential of more waste materials should also be investi-
gated. An in-depth investigation of these wastes having
cementitious properties should be looked into on how they
can be used conjointly to stabilize soils of different kinds
so as to rid the environment of these waste pollution in a
cost-effective and potentially beneficial manner. These
wastes ultimately improve strength of the target soil; how-

ever, careful consideration should be given to determine
the performance of these wastes as stabilizers. The geo-
technical properties (strength, leaching, workability, etc.) of
the soil and stabilizer combination as well as relevant risk
assessments should be conducted to know what aspects
would require mitigation to maximize the potential of these
waste materials to be used for good, instead of causing
more harm to the ecosystem. This simply suggests that
prior to the application of a specific soil stabilised with a
specific waste material for a specific purpose, the poten-
tial risk of local environmental and health impacts from re-
lease and spreading of harmful substances due to leaching
or escape of fugitive dust must be assessed and appropri-
ate action (precautions, mitigating measures, changes of
the soil/stabilizer mixture) must be taken when necessary
to prevent unacceptable impacts.
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ABSTRACT

The use of economic instruments in policies supporting a circular economy has at-
tracted an extensive and growing interest in the international and European debate in
recent decades. Environmental taxes and levies, subsidies and other marked-based
instruments have been seen as useful policy tools for enhancing environmental pro-
tection, getting the price right and creating market-based incentives - price and cost
signals - to spur environmentally-friendly behaviors. From this standpoint, taxes and
other economic instruments acquire, primarily or at least partially, a regulatory and
preventive role: they address the market failure of environmental externalities, align-
ing private and social costs and, consequently, stimulating more socially desirable
outcomes. The paper mainly focuses on the sector of buildings and construction,
i.e. the sector responsible for the largest share of extraction of raw material and
of the generation of non-municipal wastes, presenting an analysis of the two main
price instruments implemented in Italy at the beginning and at the end of the flow of
materials. It aims to bring to the fore the main characteristics of the two instruments
in the Italian multilevel government, and to propound new paradigms for future devel-
opments. The value added of the work is to prove, through a coherent and updated
policy framework, the extent to which the regulatory role of these subnational envi-
ronmental levies is largely forsaken, thereby jeopardizing the possibility to use them

1. INTRODUCTION

Policies to reduce raw material consumption constitute
a salient concern in the sustainable development policy
agenda of several countries. The extraction, processing,
and disposal of raw materials, in fact, give rise to numerous
negative environmental impacts, including greenhouse gas
emissions and air pollution, noise hazards, loss of ecosys-
tem services and landscape alteration (Auci et al., 2012;
OECD, 2024; Soderholm, 2011). Furthermore, in an inter-
temporal perspective, the difficulty in establishing proper-
ty rights and/or the implementation of too high discount
rates may imply that resources are exploited at a faster rate
than it is socially efficient (McKenzie, 2006; Soderholm,
2011). These consequences appeal towards the needs for
a circular economy, in which the flow of virgin materials
is narrowed, and the value retention of material resources
is preserved, hence fostering resource efficiency and con-
tributing to the reduction of environmental externalities.

Italy’s performance in this field presents mixed results
and possible favourable developments for the future.

in a more effective and consistent way.

On the one hand, Italy ranks highly for many indica-
tors related to resource productivity and circularity (Circu-
lar Economy Network, 2022). For example, the country’s
material productivity of 4.6 USD/kg is well above the EU
and OECD average, while domestic material consumption
(DMC"), at 8.6 tonnes per capita, is one of the lowest in
Europe (OECD, 2024). Non-metallic minerals account for
the largest part (68.2%) of domestic material extraction,
followed by biomass (29.7%) and fossil materials (2.1%)
while the percentage of the extraction of metal ores is neg-
ligible (ISTAT, 2024). The net import of materials is largely
positive for biomass and fossils, while for aggregates the
overall effect of trans-border flows is substantially bal-
anced. On the other hand, the country has yet to decouple
resource extraction and waste generation definitively from
economic activity, especially when non-municipal waste is
concerned, thus revealing a percentage of waste disposed
into landfill still higher than that found in EU best practices.
Construction and demolition (C&D) waste is a key com-
ponent of the non-municipal (special) waste stream: in
2021 its total production has been estimated at 78.7 mil.
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tonnes, corresponding to nearly 50% of the total amount
of special waste produced in Italy (ISPRA, 2023b). 77% are
wastes produced by the building sector (demolition and
construction phases), while 23% are wastes and scraps
produced in the virgin materials extraction phase. No abso-
lute nor relative decoupling from economic growth (GDP)
has taken place in the last decade: the total amount of C&D
waste, in fact, increased by 36.4% from 2010 to 2021, and
its ratio to the sectoral GDP increased by 50.8% in the same
period (Figure 1).

Moreover, even if the total rate of recycling/recovery of
C&D waste (80.1% in 2021) has largely met the minimum
objective (70%) set on the EU level by the Directive 2008/98
and the Decision 2011/753 for the year 2020, a low level of
‘internal’ circularity can still be observed (Fondazione per lo
Sviluppo Sostenibile, 2023). As emphasised by the Nation-
al Waste Management Plan, in fact, the bulk of C&D waste
is mainly recovered in other low-value chains, because
selection and treatment plants are technologically unso-
phisticated, and materials obtained often do not respect
technical standards adopted on the European as well as on
the national level (ibidem, 2023). The Italian construction
sector indicates a clear preference for virgin materials and
still maintains a largely sceptical attitude towards recycled
materials, which are used mainly for secondary purposes
(e.g. substrates, road asphalt concrete, filling, etc.) or pre-
pared for recycling (EEA, 2008; Fondazione per lo Svilup-
po Sostenibile, 2023; Legambiente, 2021). These trends
are expected to continue to prevail and become of utmost
importance due to measures and projects financed by the
National Recovery and Resilience Plan (NRRP), as well as
by the ‘Ecobonus’ and ‘Superbonus’ tax deductions 2 which
are strongly boosting the overall sectoral demand.

Through the adoption of the National Circular Econo-
my Strategy in June 2022, Italy has explicitly placed the
circular economy transition and the construction sector
at the centre of its environmental policy agenda, regarding
this commitment also as a key lever in implementing the
2030 UN Sustainable Development Agenda. The Strategy
identifies objectives, actions, and measures, hinging its

1200

implementation upon a multi-level and multi-instrument
approach. From one perspective, it requires the vertical
and horizontal coordination amongst all the governments
involved, with full recognition of the decisive role of sub-na-
tional governments in enacting the main contents of the
Strategy. Nonetheless, it entails the combination of sever-
al kinds of instruments: regulatory instruments, economic
instruments, voluntary approaches, information-based in-
struments, research-promoting measures, communication,
and awareness-raising campaigns.

Under this framework, economic instruments (taxes
and charges, subsidies and tax reliefs, tradeable quotas
and compliance certificates, extended producer responsi-
bility, green public procurement) may represent important
tools to align existing incentives and behaviours with en-
vironmental goals and objectives. Correct price signals,
achieved via the internalisation of costs associated with
activities that contribute to environmental harm, foster
practices that are more sustainable, maintain resources in
circulation and penalise those that are detrimental to the
environment.

Economic policy instruments can act at different stag-
es of the value chain, discouraging the extraction of raw
materials, improving product design in line with principles
of circularity, supporting the use of recycled materials, in-
fluencing consumer behaviour in sales and during product
utilisation, modifying waste disposal practices and, at the
end of the circle, incentivising recycling by operators.

The current Italian policy framework already includes
several economic and quasi-economic instruments that
may stimulate the transition to a circular economy (Ta-
ble 1). They represent relevant opportunities to induce
behavioural changes in a flexible way, avoiding excessive
economic impacts and providing a continuous incentive
for innovation and for the improvement of environmen-
tal performance above the regulatory standards. At the
same time, many technical and political obstacles can
hinder their implementation; they therefore necessitate
well-designed execution strategies and implementation
paths.
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FIGURE 1: C&D wastes and Gross domestic product (GDP) in the construction sector (Italy, 2010-2021) - Source: our calculations on data

from ISPRA (2023b).
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TABLE 1: Potentially hazardous components of HHSW - Source: elaborations on OECD (2024).

Instrument

i National level

i Sub-national level

Explicit economic instruments

Fees on extractive activities

National legislation only covers general matters in ex-
tractive sectors (e.g. environmental standards, workers’
health and safety, disposal of waste from extractive
activities) .

Regions detain main competencies on quarrying
(barring energy-related minerals), including the planning
and authorisation of extractive activities, environmental
impact assessments, regulation of fee coverage and
rates, recovery of waste materials, mine/quarry closure
and rehabilitation requirements, and the collection of
statistical data.

Municipalities: collection and use of revenues (excep-
tionally by Regions).

Landfill tax National legislation: general criteria and guidelines Regions hold main competencies, including tax scope
on tax scope (tax rate upper and minimum levels), and tax rate (including reduced tax rates), collection
destination and earmarking of revenues, bonus/malus of revenues (e.g. exact share going to municipalities,
mechanism for separated collection. including with bonus/malus systems), use of revenues.

Municipalities: may receive a share of revenues.

Plastic tax National legislation (paused) NA

Waste charge (including Pay as
you throw - PAYT)

National legislation: guidelines for fee setting.
ARERA is the regulatory body.

Regions: promotion or mandating of adoption of PAYT
systems.

Municipalities: in charge of planning for local waste
management (incl. the financing model), fee setting
(including granting tax reductions in line with national
guidelines) and collection of revenue.

Quasi-economic instruments

Extended Producer Responsibility
(EPR)

State: introduction of EPR schemes, certification of Pro-
ducer Responsibility Organisations/Consortia (PROs).
In most cases, PROs organise and execute EPR obliga-
tions nationally.

PROs charge Advanced disposal fees at the point of
sale.

Municipalities are responsible of waste management
and obtain payments from PROs for the different waste
flows collected, also according to their quality.

Green Public Procurement (GPP)

National legislation: introduction of public procurement
approaches, and monitoring of application of GPP
criteria.

MASE (Ministry of Environment and Energy Security):
definition and regular update of GPP criteria, as well as

Regional aggregators implementing framework agree-
ments including GPP criteria and trainings on GPP.

All sub-national public entities: implementation (uptake
of GPP criteria in tenders).

Regions participate in the planning phase.

ment.

of application of GPP criteria.

of the National Action Plan on Green Public Procure-

Consip: National Central Purchasing Body implementing
framework agreements including GPP criteria.
National Anti-Corruption Authority (ANAC): monitoring

In what follows, after a brief outline of the vertical dis-
tribution of environmental and tax competencies, we will
focus on two price instruments implemented in Italy at the
beginning and at the end of the material stream - i.e. the
aggregates levy and the landfill tax - with the aim of em-
phasising the main characteristics of the two instruments
and suggesting some prospective developments. Even if
single topics have been already scrutinized and discussed,
at least partially, in other works, this is the first time, to our
knowledge, that all these elements are critically reviewed
for the Italian experience in a coherent and updated frame-
work.

2. ENVIRONMENTAL AND TAX COMPETEN-
CES IN THE ITALIAN MULTILEVEL SYSTEM

Although environmental protection is listed as among
the exclusive competences of the national government
(art. 117, 2 co, Lett. S, Constitution), the Italian Constitu-
tional Court has repeatedly affirmed that the environment
is a ‘horizontal value’, for the safeguard/realisation of
which the State and the territorial governments take part
with shared responsibilities. In this regard, the national

competence does not exclude the possibility for Regions
to pursue and enhance environmental protection and pro-
motion, even by dint of the enactment of competences that
are intrinsically related to the environment such as health,
transport, energy, territorial and land management, etc.
This complex set of connected and potentially overlap-
ping responsibilities is governed by the principle of preva-
lence, according to which national rules prevail over region-
al legal acts when they are aimed towards environmental
protection. The principle has been further developed in two
directions of interest for the purpose of this analysis.
Firstly, the Constitutional Court has stated in several
cases ® that interventions regarding environmental protec-
tion, made by Regions employing their ‘legislative’ preroga-
tives #, must be carried out in compliance with the minimum
levels of environmental protection set by the central gov-
ernment and, potentially, only increasing them (unidirec-
tionality principle). For example, in the Judgement 86/2014,
the Court has stated that ‘the only direction allowed by the
legal system to the regional legislator is that of raising the
level of environmental protection established by the State’.
At the same time, the Court has acknowledged the pos-
sibility for the state to define also maximum standards and
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fully binding rules for regional governments to find an equi-
librium amongst possibly conflicting interests (e.g. local in-
terests as opposed to national energy security). This gener-
al statement turns out to be particularly relevant when sites
and environmental issues have strong interjurisdictional
and cross-border implications, to avoid that stringent local
limits and/or disproportionally high environmental taxes
set at the decentralized level become tools in the service of
the NIMBY syndrome (Zatti, 2023).

According to the discipline of fiscal federalism adopted
in Italy, Regions can introduce new taxes for their own or
for local governments but can only do so respecting the
general principles set by the national government in terms
of fiscal coordination. In particular, they are allowed to in-
troduce their own taxes in their territories only if they do not
duplicate state taxes (pre-emption principle), and regard-
ing matters that are not under the exclusive competence
of the State. Accordingly, there are different opportunities
for subnational governments to influence the management
of environmental matters through fiscal disincentives (Ver-
rigni, 2013; Zatti, 2020):

Regions will be allowed to introduce autonomous new
taxes on matters indirectly related to the environment
(tourism, energy, land management) that are devolved
to the shared legislative competence between the cen-
tral State and Regions, or to the exclusive competence
of the Regions, but only if the link with this matter pre-
vails over the environmental one (prevalence principle).
Regions and local governments have the power to disci-
pline pre-existing environmentally related taxes introdu-
ced by the State, within the range set by the national
law. The more or less detailed prescriptions included
in the laws directly influence the degree of autonomy
conceded to the local government.

Regions and local government have the power to esta-
blish and fix non-tax levies, including user charges and
special fees, even in the absence of an explicit national
rule. For the management and design of the main cha-
racteristics of these hybrid instruments (rates, rebates,
exemptions, etc.), it is in fact widely recognised that a
larger room of manoeuvre for local governments is ge-
nerally granted.

All things considered, there are several reasons to
enhance the role of subnational governments in environ-
mental management, even acting through the disincentive
effects of fiscal instruments. However, their design and
administration require a well-coordinated approach to val-
orise synergies and co-benefits and prevent overlaps and
strategic behaviours. The cases of the extractive activities’
levy and the landfill tax show how relevant steps are still to
be done in this direction.

3. FEES ON EXTRACTIVE ACTIVITIES

A tax on natural resources extraction can be imple-
mented for several reasons (EEA, 2008; Ettlinger, 2016; HM
Treasury, 2020; Soderholm, 2011; Zatti, 2023). It can slow
down the rate of resource depletion in cases where prop-
erty rights are not well defined and the intertemporal rate

of consumption underestimates the needs of future gener-
ations; it helps to reduce the environmental impact of quar-
ries and pits by decreasing extraction of materials, while
stimulating the market for using secondary sources, such
as construction waste; it also provides financial resources
to cover administrative costs, and to mitigate local envi-
ronmental impacts and ensure site restoration. Positive as-
pects also include a limited influence on competitiveness,
simple structure (for rates) with an easily identifiable tax
base, and relatively little cross-border impact due to high
transportation costs (EEA, 2008; Ettlinger, 2016; HM Treas-
ury, 2020).

At the international level, according to the OECD da-
tabase, there are currently 88 taxes applied on extractive
activities on non-metallic minerals, 16% are applied on
market value, whereas the remaining on weight or volume
(OECD, 2023). Several European countries apply extraction
taxes — i.e. taxes on gravel, rock, limestone, ornamental
stones, etc. — to reduce both the reliance on virgin materi-
als and to limit the amount of construction and demolition
wastes landfilled (Soderholm, 2011). Often, revenues are
earmarked for environmental or compensation purposes:
this is the case for the UK ‘Aggregate Levy’, the proceeds
of which are utilised for environmental rehabilitation and
improvement, and for improving the quality of secondary
materials (HM Treasury, 2020).

In cases where some form of policy evaluation exists
(Ettlinger, 2016; Soderholm, 2011), they indicate that taxes
have had effects on the use of aggregates and on material
substitution. At the same time, evidence from international
case studies suggests that virgin material taxes on con-
struction minerals are most effective when they are com-
bined with additional policies aimed at stimulating the de-
mand for and the supply of recycled materials (e.qg., landfill
taxes, minimum recycled content requirements, support
for selective demolition and improved quality standards
for CDW, end-of-waste criteria for construction and dem-
olition waste and classification of industrial by-products),
and with more effective controls on waste management,
especially on illegal disposal.

In Italy, internal resource extraction has considerably
declined since 1990, but the trend has stabilized in the last
decade (Figure 2). Among other sectors, the construction
industry plays a crucial role, since it is one of the largest
consumers of non-metallic raw materials and significant-
ly contributes to waste generation (Auci et al., 2013; EEA,
2008; Mazzanti, Zoboli, 2013). Recently, the sector’s out-
put is experiencing a new growth and OECD projections
indicate that both output and material intensity of the con-
struction sector are expected to increase significantly by
2050 (OECD, 2024). In the same study it is reported that in
2021 184 Mt of materials were extracted from quarrying
sites, a fifth more than in 2017. This baseline scenario rais-
es concerns in terms of environmental externalities and
security of supply, underscoring the need to focus on re-
ducing waste generation, boosting recycling, and enhanc-
ing secondary raw materials use.

In Italy, mining activities > have been progressively del-
egated to the regional competence with both the Presiden-
tial Decree N.616/77 and the Legislative Decree N. 112/98,
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FIGURE 2: Internal raw material extraction in Italy (by weight, 7990=100) - Source: our calculations on data from ISTAT (2024a).

even if the State can still establish minimum standards ac-
cording to its exclusive competence in the field of environ-
mental protection and worker health and safety. Regions
oversee the adoption of provincial plans, establishing the
identification of exploitable sites, quantity, and quality of
materials to be extracted, exploitation techniques, and the
final management of the sites where the quarrying activi-
ties end up.

In this regulatory framework, four main actors are in-
volved: the Region, the Province, the Municipality, and the
site owner (EEA, 2008). Exploitation by site owners must
be based upon an agreement between the owner and the
Municipality in which the site is located and authorised by
the Province. These agreements include details on quantity
and quality of materials to be extracted, allowable exploita-
tion techniques, and the commitment to carry out restora-
tion of the site after the cessation of the activity.

Regional governments are in charge of defining con-
cession (mainly authorization) fees for the extraction and
to decide the allocation of revenues. According to nation-
al legislation (Leg. Decree 112/1998), maximum limits of
concession fees should be set by the State, but these coor-
dination measures have never been established, allowing
Regions to benefit from a large degree of freedom. This
is partially due to the hybrid nature of the levy, represent-
ing a borderline case between taxes and user charges, in
that it shows clear connections with benefit and compen-
sation principles, without fully relying on a cost-recovery
approach (Zatti, 2023). This ambiguity is confirmed by the
fact that the Italian Constitutional Court has recognised the
non-tax nature of the aggregate fee (e.g. Judg. 89/2018),
while a different approach is found in the OECD tax guide,
according to which: ‘any severance payments that are im-
posed on the extraction of minerals and fossil fuels from
reserves owned privately or by another government should
be classified as taxes’ (OECD, 2021, p.9).

The overall implementation process shows a great
heterogeneity and fragmentation of rates and procedural
requirements (Auci et al., 2013; Zatti, 2023). Generally, the
fees cover a wide range of aggregates (sand and gravel,

limestone, clay, peat, ornamental stones) and are set on
metre cubic of materials extracted ¢ in some cases (in
Apulia, Sicily and in the Autonomous Province of Trento),
the area of the extraction site is also considered for the
quantification of the due amount. Planning and authorisa-
tion procedures generally integrate considerations of the
heterogeneity in land use and values, but even fee rates
are sometimes differentiated according to the supposed
ecological value of the land. For example, Lombardy and
Emilia-Romagna apply higher fees for extractions within
the boundaries of regional parks, while Calabria applies a
higher fee (x 8) for extractions from riverbeds. Even without
the definition of a ceiling by the State, a race to the top has
not occurred: three Regions out of 21 adopt a ‘zero rate’ on
all aggregates and the average rate applied to aggregates
in Italy are below average values present in the OECD Da-
tabase (Figure 3).

Revenues of the fees are generally assigned/left to
the Municipalities and communities involved to grant en-
vironmental restoration and more general territorial com-
pensation; in some cases, Regions and Provinces retain a
share to cover administrative, monitoring and enforcement
costs. In actual fact, the process of earmarking funds for
rehabilitation projects at the municipal level is far from be-
ing transparent and well documented and there is no avail-
able data gathered on the regional or national scale (EEA,
2008; Legambiente, 2021; Mazzanti, Zoboli, 2013).

The Italian experience clearly reveals a limited consid-
eration of the role of this price instrument in influencing the
behaviours of the economic agents involved.

The fee is not included in the ISTAT database on envi-
ronmental taxes and even values comprised in the annual
report on quarries of the environmental NGO Legambiente
are only indirectly estimated, relying on rates and quanti-
ties extracted but not on true budget data (EEA, 2008; Zatti,
2023). Time series on prices of aggregates are not availa-
ble and values published by the Chambers of Commerce
are far from being entirely representative, due to the pres-
ence of many direct private transactions (EEA, 2008). As
a matter of fact, the full regionalisation of competences
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in 1998 has aggravated the situation, bringing about frag-
mentation and missing data (Auci et al., 2012).

Moreover, the Italian approach to extraction is mainly
based on a command & control logic, in which the plan-
ning of sites and quantities exploitable are based on the
priority of keeping pace with demand in the construction
and infrastructure sectors, while the substitution of virgin
materials is not the main concern (EEA, 2008; Mazzanti,
Zoboli, 2013). With this consideration, price signals are not
aimed at influencing volumes extracted or to create real in-
centives for recycling and substitution, but mainly to cover
administrative costs and to finance compensation for the
affected local communities for land restoration and envi-
ronmental improvement.

The level of extraction fees is esteemed to be inade-
quate in influencing market evolution (Auci et al., 2012;
EEA, 2008; Legambiente, 20217) and the only quantitative
exercise conducted on the Italian data concludes that ‘the
effects of extraction charges on aggregate market devel-
opment in Italy are very limited' (Mazzanti, Zoboli, 2013 p.
910). All in all, the decentralisation of responsibilities and
the absence of a minimum standard has fostered a race to
the bottom, testifying how, in terms of potential distortive
effects on competition, the downward trend is the most
likely result to occur.

4. LANDFILL (AND INCINERATION) TAX

Landfill and incineration taxes are implemented in sev-
eral countries to drive waste away from the less desirable
management options, to promote recycling, and to encour-
age the construction of plants for alternative treatments.
Several case studies demonstrate how the combination of
waste disposal taxes with taxes on raw materials provides
strong incentives to economic agents to employ recycled
materials rather than extracting virgin materials and dis-
posing of old ones (Ettlinger, 2016; Eunomia, 2022; Soder-
holm, 2011).

A well-known case study in the EU is that of the UK,
where the tax has been in place since 1996 to internalize
the external costs of landfilling (Eunomia, 2022). The tax
is charged by weight, with a standard rate (122€/t in 2024)
and a lower rate (3.3€/t) applying to inert or inactive waste,
while a Tax Escalator was introduced in 2015 to regular-
ly update tax rates and maintain the effectiveness of the
tax. Revenues raised from the tax were used initially to re-
duce National Insurance Contributions and, since 2003, to
finance environmental regeneration projects and promote
biodiversity (ibidem). The tax had environmentally positive
outcomes since the increase on the cost of final disposal
incentivised local authorities and private actors to reuse
products as well as develop remanufactured products from
recycled goods. At the same time, some flaws in terms of
misclassification of waste streams and illegal waste sites
are reported.

In Italy, landfilling and incineration have, till today, a
non-negligible role in waste management. In 2022, 18% of
municipal waste generated (5.2 million tonnes) was land-
filled and roughly the same percentage was incinerated (IS-
PRA, 2023a). As far as non-municipal waste is concerned,
10.2 million tonnes were sent to be landfilled in 2021 (5.7%
of the total production), whilst nearly 3 million tonnes were
incinerated (1.6% of the total) (ISPRA, 2023b). The con-
struction sector proves to have a non-negligible role since
C&D wastes correspond to about % of the total weight of
non-municipal waste landfilled (2.5 million tonnes), a per-
centage that rises to 30% if also waste coming from quar-
ries and pits is included.

The landfill tax has been introduced in Italy in 1996 by
the national law with the explicit environmental aim (Pig-
ouvian tax) of increasing prevention in waste production,
the recovery of matter and energy from waste, as well as
containing the use of landfill, considered as the less de-
sirable method of handling waste. Any operator conferring
solid waste or sludge to a landfill or to an incineration plant
without energy recovery is taxed.
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Revenues are assigned to the Regions that may also
fix rates (differentiated by quantity and the kind of waste
stream) within upper and lower limits defined by the nation-
al law (Table 2). Since 2015 it has been established that
all the revenues must be imputed by regional governments
to an ‘environmental fund’ to be allocated to the following
aims/topics: reduction of waste production, energy and
material recovery, land remediation, creation and preser-
vation of natural areas, and the financing of regional en-
vironment agencies. A percentage can also be assigned
to Municipalities where the landfills are located or even to
nearby territories that may be negatively affected by their
presence. Total revenues generated were 115 million euros
in 2022 (ISTAT, 2024b) but, even in this case, a transparent
national (and even regional) reporting and assessment of
the destination of funds is almost completely inexistent.

Lower and upper limits fixed by the national law have
remained the same since 1996 and the unitary real value
of the tax declined by nearly 1/3 in the period 1996-2018¢,
a clearly counterintuitive development for a price signal in-
troduced to penalise the less preferable option in the waste
management hierarchy. Figure 4 shows wide differences in
the tax rates applied to inert wastes, with several Regions
still adopting the lower limit (1 €/ton) fixed almost 25 years
before.

At the same time, the State law (Leg. Dec. 152/2006,
as modified by Law 221/2015) fixed new national targets
for the separate collection of waste, with a bonus/malus
mechanism in terms of landfill tax rates (Table 3). This
represents an intrusive and questionable measure, since it
introduces a sort of incentive redundancy and, at the same
time, brings about strong discontinuities in the economic
rationale of the economic operators °.

Even in this case, values are estimated to be too low to
concretely influence the waste management chain, while
the inertia of the national legislation has favoured the ap-
plication of rates significantly lower than the European best
practices (Ref Ricerche, 2020). In this perspective, a con-
tinued and progressive raise of minimum and maximum
rates, even considering results obtained along the whole
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TABLE 2: Landfill tax rates set by the Italian National law (L.
549/1995) - source: own elaborations.

Lower and upper limits (€/ton)
[1-10]
[5,17-25,82]

Inert wastes

Other wastes

Incineration without energy
recovery

20% of rates applied to landfilling

Incineration with energy recovery 0

TABLE 3: Landfill tax rates according to the fulfilment/not fulfil-
ment of the national targets for the separate collection of waste
- source: Leg. Dec. 152/2006, as modified by law 221/2015 art. 32.

Tax rates

Not fulfilment +20%

Over-fulfilment

Up to 10% -30%

From 10% to 15% -40%

From 15% to 20% -50%

From 20% to 25% -60%

More than 25% -70%

% difference with respect to standard rates

waste chain, may represent a policy option to be taken into
consideration by the State legal framework. A useful ex-
ample is that of the UK landfill tax which has been steadily
increased since its introduction through an automatic es-
calator mechanism (Ettlinger, 2016).

Two other contents of Italy’s approach to waste man-
agement are worthy of some reflections. Firstly, the con-
ditions applied to incineration appear to be too generous,
even in the case of energy recovery '°. The Italian Ministry
of Environment has classified this measure as an environ-
mentally harmful subsidy (MASE, 2022) since the lack of an
incineration tax does not provide incentives to prefer more
virtuous management options in the EU waste strategy.
Secondly, it may be wondered if the definition of un upper
limit to tax rates adopted at the regional level is necessary
for a levy that, due to the self-sufficiency principle, mainly
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FIGURE 4: Landfill tax rates for inert wastes in the Italian Regions (€/ton, 2020) - Source: own elaborations on Ref Ricerche, 2020.
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affects resident people and enterprises and, therefore, gen-
erate few risks in terms of tax exporting (Millimet, 2013).

5. DISCUSSION

The analysis conducted on the two price instruments
implemented in Italy at the beginning and at the end of the
material stream - i.e the aggregates levy and the landfill tax
- shows how there are ample margins to improve their ef-
fectiveness and coherence, by rationalising multilevel gov-
ernance and reforming some of the main implementation
mechanisms of the levies.

In the Italian fiscal system, the space for Regions to
introduce new environmental taxes autonomously is lim-
ited by several binding principles and by the extensive role
granted to the State government in terms of fiscal coor-
dination. In this perspective, the definition of a coherent
policy setting seems to be particularly important both to
valorise the decentralised ownership of environmental pol-
icies and, at the same time, to prevent possible distortions
and opportunistic behaviors (Zatti, 2023).

The State action seems to be important, firstly, to guar-
antee deeper and updated knowledge of the main data and
variables characterizing the value chain of raw materials
(quantities extracted, revenues obtained, rate of penetra-
tion of recycled materials, etc.); without this pre-condi-
tion, it is very difficult to derive any conclusions or policy
recommendations. This requires having a well-structured
and organised monitoring of extraction and disposal sites
and, at the same time, coordinating and checking activities
carried out by lower levels of government. Many studies
observed discontinuity and non-homogeneity in data col-
lection, above all on mining and quarries, leaving space to
significant improvements from this point of view.

Secondly, the national framework, while allowing flex-
ibility across the Regions, turns out to be decisive to set
minimum levels both in terms of technical standards and
of tax rates, thereby preventing race to the bottom trends
and giving Regions the opportunity to ‘go beyond’ with
more ambitious targets (‘meet or exceed’ approach). In this
direction, it will be important that increases in minimum tax
rates are planned well in advance, for instance with an an-
nual automatic escalator, to minimise delays in the revision
of tax rates and to ensure predictability and transparency
to industry and waste management operators.

In terms of the strategies of implementation, the effec-
tiveness of aggregate/landfill taxes cannot be achieved in
isolation from the other features and instruments imple-
mented. Pricing instruments become effective in combina-
tion with additional regulatory and voluntary instruments,
adopted upstream and downstream (planning of sites, se-
lective demolition, minimum requirements of recycled con-
tents, better quality of waste sorting, labels on secondary
materials, controls against illegal disposal, raising-aware-
ness campaigns, etc.), to design a well-structured and
coherent policy framework. Otherwise, the economic in-
centive/disincentive alone may prove to be ineffective to
stimulate operators to improve their environmental perfor-
mance and to substantially increase the diffusion of recy-
cled materials.

Finally, the earmarking of revenues to improve the ac-
ceptability and effectiveness of the tax can be seen a rea-
sonable policy option. At present revenues are mainly left
to regional and municipal governments for environmental
and community purposes (compensation logic), but great-
er attention can be directed to promote the production and
use of recycled materials. As displayed above, secondary
aggregates are often not the first choice of construction
operators - due to economic, cultural, and technical barri-
ers - thus leaving space to a more effective policy-driven
stimulus to close the loop of the sectoral material flow.

6. CONCLUSIONS

There is a wide and long-lasting consensus regarding
the importance of fiscal instruments for boosting trans-
formations aiming at meeting environmental challenges
and promoting the transition to a circular economy. The
rationale of this approach is based on the concept of ex-
trafiscality, that emphasizes that taxation is not limited to
raising revenues for the public budget but can also contrib-
ute to other objectives such as health protection, territorial
development, environmental protection or social cohesion.
In this direction, the circular economy action plan of the
European Union (COM(2020)98 final) explicitly includes a
section about ‘getting the economics right’ in which it en-
courages the implementation of several economic instru-
ments at the different life-cycle stages of the value chain.

As a matter of fact, several barriers (informative, eco-
nomic, legal and political) hampered the full development
of economic instruments so that the focus was largely
concentrated on administrative interventions and soft
measures. The ltalian experience confirms this statement:
anti-tax approaches, inertia and overlapping of compe-
tences favoured the definition of low rates and a generally
inadequate policy setting. Paradoxically, the existing tax-
ation system often penalizes labour-intensive activities,
including many activities (remediation, refurbishment, re-
pair, recycle, maintenance, reuse) favourable to the circular
economy paradigm.

Future steps towards the circular transition require a
gradual but systemic change in the overall architecture of
the tax system: a green tax shift able to substantially in-
crease the tax base by broadening the degree of coverage
or resources and activities (at present mainly concentrated
on energy production and use) and by raising the respec-
tive tax rates. Economic disincentives can be combined, for
political acceptability reasons, with tax benefits and other
subsidies able le to incentivize circular consumption and to
mitigate more negative redistributive and social impacts.

Two further policy options can be profitably discussed
in this scenario.

On the one hand, the progressive assessment and elim-
ination of tax benefits and subsidies harmful to the envi-
ronment or that promote polluting, unsustainable, and line-
ar activities may become a key focus of the policy agenda.
The fifth edition of the Italian Catalogue of subsides that
have an impact on the environment (MASE, 2022) has de-
veloped, for the first time, a specific section on ‘subsidies
harmful for the circular economy’, identifying 52 measures
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(tax expenditures), for a total amount of 18.8 billion euros:
a promising starting point for the definition of future strate-
gic environmental taxation’s reform.

On the other hand, also quasi-economic instruments
must be carefully taken into consideration. For example,
the development and update of mandatory minimum en-
vironmental criteria in public procurement may represent
an important step of policy packages. In 2015, Italy was a
forerunner in implementing mandatory Green Public Pro-
curement criteria, including a minimum certified recycled
content in major construction materials and products, to
be reached not only in new buildings and infrastructure but
also in the renovation of existing ones. These obligations
and technical standards could be expanded to all construc-
tion works, including the construction and renovation of
private buildings, ensuring at the same time their continu-
ous update together with a more effective control.

To conclude, even if the potential of green fiscal re-
forms has been widely investigated in the past, its exten-
sion to the circular economy seems to be still in infancy
and requires further research both at the individual instru-
ment and at the framework level.
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" Domestic material consumption (DMC) refers to the amount (in
terms of weight) of materials used in an economy, i.e., materials
extracted or harvested in the country, plus imported materials and
products, minus exported materials and products.

2 Which cover up to 110% of costs of interventions adopted to im-
prove energy efficiency and reduce seismic risks in private build-
ings

3 See for example: Judgements 108/2005, 246/2006, 378/2007,
187/2011.

“41In the Italian legal system only Regions, among territorial govern-
ments, have a legislative power, while other levels (Municipalities,

Provinces, Metropolitan cities) have only statutory and regulatory
power. The division of legislative competences between State and
Regions is detailed in art. 117 of the Constitution: a first list of
specific fields of exclusive jurisdiction of the national Parliament
and a second set of specific subjects referring to concurrent legis-
lation for which legislative powers shall be vested in the Regions,
except for determination of fundamental principles, to be estab-
lished by State legislation. Moreover, Regions shall have legislative
power in all subjects not expressly attributed to the State.

5 Not energy-related materials.

®In the Liguria Region the tax base is expressed in tonnes.
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7 According to the values here reported, average extraction fees
represent in Italy nearly 3,5% of the market values for sand and
gravel and 3,2% for ornamental stones.

8 Calculated at the aggregate national level as the ratio of total
revenues on total landfilled wastes.

9 For a waste operator increasing the rate of separate collection
of 1% above the national target, for example, the mechanism pro-
vides for a 30% reduction of the due amount on the whole wastes
landfilled. The same discontinuity can be found at each of the
bands’ limit reported in Table 3.

0 As a matter of fact, the country does not have incineration plants
without energy recovery for municipal waste.
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ABSTRACT

The European Union (EU) is heavily reliant on raw materials, some of which pose crit-
ical supply challenges. The EU’s Critical Raw Materials (CRM) policy, initiated in 2011
and recently reinforced by the 2023 Critical Raw Materials Act, seeks to ensure the
sustainable supply of crucial raw materials due to scarcity or economic importance.
One such sector significantly affected is photovoltaic (PV) energy production, which
faces challenges due to the scarcity of materials like silicon metal, crucial for PV cell
manufacturing. Despite efforts to mitigate supply risks, challenges persist, including
limited recycling and dependency on imports. This study evaluates annual silicon
prices and volatility to assess the business potential of silicon metal production in
the EU under current import reliance and 2030 targets. Analysing production trends
and applications reveals a concentrated supply chain and diverse industrial uses
of silicon metal. Price analysis highlights specific events influencing silicon metal
prices, emphasizing its criticality to various economic sectors.

1. INTRODUCTION

The sustainability of the European Union (EU) in social,
economic and environmental terms depends to a large ex-
tent on raw materials. These are necessary for our daily life
as well as for modern technologies, but the supply is a mat-
ter of concern not only in the EU but globally. Among them,
some are particularly important for the EU economy due to
the high supply risk. Critical Raw Materials (CRM) are par-
ticularly linked to European industry, modern technologies
and clean energy production (European Comission, 2023).
Since 1977, the EU has been increasingly concerned about
the supply of raw materials and the price volatility of some
of them (Union Europea, 1977). 2011 was the start of the
EU’s CRM policy (Comisién Europea, 2011) which aims to
guarantee the sustainable supply of certain raw materi-
als that are particularly important due to their scarcity or
economic importance. The Critical Raw Materials Act an-
nounced in 2023 is the latest point of this policy (European
Commission, 2024).

One of the more affected sectors is photovoltaic (PV)
energy, which represents a way of clean energy production
(Li et al. 2023), but it requires raw materials, which are in

short supply in the EU. The most representative example is
silicon metal, which is needed for the manufacture of PV
cells and for which up to 60% of the demand is imported
in Europe (Grohol & Veeh, 2023; Liu, Phang, & Macdonald,
2022). Although, other CRM such as copper, borates, galli-
um, germanium and indium are used in this sector.

Despite the dependence of third countries on silicon
metal, it was not until the third list in 2017 that it was con-
sidered CRM (Comisién Europea, 2017). At that time, the
dependence on silicon metal was 64% (imports concern-
ing non-EU countries). In addition, the substitution rate was
0.99 out of 1, indicating that there was no substitute for the
technological applications, and the recycling rate was zero
(Comision Europea, 2017). Despite EU efforts to improve
this situation in recent years, the current state remains dif-
ficult for silicon metal (Table 1). The recycling rate has not
improved, dependence has fallen to 60%, and there are no
realistic substitutes (0.97 out of 1) (Grohol & Veeh, 2023).
It should be highlighted that only the processing stage is
assessed for the silicon metal and not the extraction.

To improve this situation, there are three possibilities:
improving silicon metal production in Europe, increasing
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TABLE 1: Mains indicator of the silicon metal.

Indicator 2017 2023
Substitution index (SI) 0.99 0.97
Recycling rate 0.00 % 0.00 %
EU import reliance 64.00 % 60.00 %

recycling or finding substitutes for this raw material (Rizzo
et al., 2020). These practices could contribute positively to
increasing the value of European industry and limiting the
effect of silicon price volatility.

The aim of this article is to analyse the situation of Si
metal in relation to the CRM policy being developed by
the EU and to study the evolution of Si metal supply and
recycling in order to understand the effectiveness of this
policy. Furthermore, the research focuses on the price vol-
atility of Si metal. CRMs suffer from high price volatility
due to various factors. However, this aspect has not been
extensively studied and analyses and policies often focus
on the economic importance of CRMs or their supply, ig-
noring the uncertainty due to constantly changing prices.
The aim of this article is to study the changes in the price
of this metal in order to have more information on this
important aspect. This short study assess the business
potential of silicon metal production in the EU under the
current import reliance and the 2030 targets (European
Comission, 2023).

2. SILICON METAL PRODUCTION AND AP-
PLICATIONS IN EUROPE

The silicon metal in the EU comes mainly from third
countries, although the dependency has been partially
reduced since 2017. At this time, Brazil and China were
two of the main suppliers, with 12% each.But, currently,
this supply has been reduced to 9% and 2%, respectively
(Comisién Europea, 2017; Grohol & Veeh, 2023). The main
suppliers to the EU are shown in Table 2.

It is possible to observe that only the consumption
from France and Germany has increased, which indicates a
diversification to other countries, such as Bosnia and Her-
zegovina, Russia, Australia, Iceland, South Africa, Kazakh-
stan or Malaysia (Grohol & Veeh, 2023). It should be con-
sidered as a positive practice that allows to minimize the
risk derived from singular factors from specific countries.

The silicon metal production globally is around 3,1
Mt, and just in the EU is around 400 kt (BRGM, 2019; CRM
Alliance, 2022). It is concentrated in a few companies:
Elkem, Wacker and Finnfjord AS in Norway, Ferroglobe in
Spain and France and RW Silicium in Germany (AMG Sili-
con, 2023; Elkem, 2024; Ferroglobe, 2022; Finnfjord, 2022;
Kristiansen & Van der Eijk, 2020; Wacker, 2017). The main
applications of the silicon metal are:

+ Chemicals production: such as silicone rubber, foam,
sealants, adhesives, lubricants, additives, coatings...
(Ferroglobe, 2024).

+ Aluminium alloys: Silicon is used in aluminium alloys
to improve their strength for structural purposes (Bel-
mont, 2022; Ferroglobe, 2024).

TABLE 2: Si metal supply (only countries with a share > 5 % are
shown).

Country 2017 2023 Change
Norway 23 % 33% +10 %
France 19 % 28 % +9 %
Brazil 12% 9% 3%
Germany 5% 6 % +1%
Spain 9% 4% 5%
China 12% 2% -10%
Non-EU members 64 % 60 % -4 %

Photovoltaics: It is used in PV cell wafer production
(Ferroglobe, 2024).

Electronic components. Mainly in microchips due to
their semi-conductivity properties (Belmont, 2022; Fer-
roglobe, 2024).

Globally and in terms of material consumption, chem-
ical production and aluminium alloys are the most impor-
tant (25% and 32% respectively). This means that the sil-
icon metal market is related to the aluminium alloy one.
Periods with a high urbanistic or mobility development are
characterised by an increase in aluminium alloy prices and,
therefore, by an increase in silicon metal prices. Energy
prices can also deeply affect the silicon metal since alu-
minium and silicon are electro-intensive industries.

The PV industry accounts for less than 7% of silicon
consumption, and electronics for around 1% (BRGM,
2019). However, their impact on the economy is signif-
icant. The PV and electronics sectors have a combined
value in the EU of €77,000 million similar to the manufac-
ture of basic metals at almost €65,000 million. Chemi-
cal production is the most important one with a value of
€132,000 million (Grohol & Veeh, 2023). The PV sector
could affect the silicon price in the future due to its de-
pendence on energy prices. Vast PV installations in the
EU may transform the energy mix, which could change
energy prices, affecting the aluminium alloys sector and
silicon metal production.

3. SILICON METAL PRICES AND VOLATILITY

In addition to the supply risk of silicon metal, there is
also the issue of its price and, in particular, its fluctuation.
Although silicon metal is not the most volatile CRM (Rare
Earth Elements are likely), its price is deeply affected by
specific issues in specific countries and sometimes as
a result of national policies of third countries or internal
decisions of some companies, which can be not aligned
with the EU interests. Figure 1 shows the price evolution in
comparison with gold from 1991 to 2022 based on the an-
nual reports of the United States Geological Survey (USGS,
2024) (Metallurgical-grade silicon metal is considered in
this study).

The most important conclusion to be drawn from the
figure is the variability of the silicon metal price since 2008.
If the gold price is taken as the economic benchmark, the
greatest stability would be achieved with a symmetric
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FIGURE 1: Silicon metal prices.

graph. It can be seen that around 2005, the gold price start-
ed a steady rise until 2012 and then another stage of price
increase in 2020. There are two main reasons for the in-
crease in the gold price:

Economic recessions: When the global economy is in
recession, investors prefer safe options like gold to fi-
nancial markets. This was the situation in 2007-2008
with the global economic crisis and in 2019-2020 with
the COVID-19 crisis.

Devaluation of the US dollar and high oil prices: The de-
valuation of the US dollar and the high price of oil also
contribute to the rise in the price of gold, as large com-
panies use gold to offset the fluctuations in the US dol-
lar. Additionally, since 2001, gold mine production was
decreasing until 2007, which increased the gold price.

In the 1990s, prices for silicon metal were considered
to be heavily dependent on energy costs, accounting for
up to 20% of the final price in addition to the ore. In 1996,
the peak coincided with the maximum of steel production,
which indicates a period of strong demand related to the
industrialisation of China, Brazil and India (Comisién Euro-
pea, 2011; USGS, 2013).

The silicon metal prices were stable until 2004, when
PV energy started its development. The trend seemed to be
upwards, but in 2005 and 2006, the price declined. This is
because the demand forecasts of the PV sector were met
by the processing of the domestic reserves of the wafer
producers and the Chinese government’s permissiveness
for the export of silicon metal in order to promote PV ener-
gy (PHOTON International, 2004). However, in 2007, China
increased tariffs on silicon metal exports, which affected
global prices until 2009, when the global economic crisis
deeply reduced the consumption of aluminium (USGS,
2013). However the aluminium marketrebounded since
2010, when the economy started to recover. This recovery
was supported by the integration of silicon producers by
primary consumers (USGS, 2013).

In 2011, there was a change in EU policy that stopped
supporting the development of PV, which led to a decrease
in polysilicon supply in 2012 (Wang, Z. & Wei, 2017). This
was countered by an increase in exports from China, which
allowed for an increase in production in countries such as
China, Russia, Malaysia, Sweden and Uzbekistan, which led
to a slight decrease in the price until 2013 (USGS, 2012;
USGS, 2013). The situation remained stable until a decrease
in 2016 related to a weak global aluminium alloy demand
coupled with an oversupply of silicon metal (USGS, 2017).

In 2018, there was a small spike that could be due to
market dominance by Ferroglobe, which would have act-
ed as a virtual monopoly by positioning the price of silicon
metal as a way to put up trade barriers to certain countries
(US International Trade Commission, 2020).

The huge price increase since 2021 has been driven by
two determining factors. Firstly, due to the Chinese gov-
ernment'’s carbon reduction policy. Many coal-fired silicon
metal plants were forced to stop production. This was
compounded by rising energy prices in Europe, particularly
affecting production in Norway (Sadhna Gupta, 2023).

In addition to annual price variability, silicon price vola-
tility within the same year must be considered. The reports
of the German Geological Survey (BGR, 2023) show how in
the last 10 years it has been relatively stable with variations
of 10% except for the last three years: 17.9% in 2020, 107%
in 2021 and 24.5% in 2022. These are the years when the
price rises sharply, so it is possible to correlate volatility
with rising silicon metal prices.

4. BUSINESS POTENTIAL

The EU’s 2030 targets for CRM imply the processing of
at least 40% of CRM in Europe and a recycling rate of 15%.
With regard to silicon, processing in Europe is currently al-
ready at 40%, with a 4% increase in the period 2017-2023
(Grohol & Veeh, 2023; Comisién Europea, 2017), so it is not
ambitious to think that it is possible to improve by anoth-
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er 4% by 2030. Although, these goals are for all CRM as a
whole, considering a current demand of 6 million tonnes
(Mt) and a projected demand of 10.7 Mt in 2030 (Europe-
an Commission, 2023), silicon processing and recycling in
Europe both current and desirable in 2030 are illustrated in
Figure 2.

With these targets, in terms of production, the EU would
produce more than twice as much as it is currently produc-
ing. However, the recycling rate is optimistic as there are
currently no industrial processes and only research (Moen,
et. al., 2017).

Based on the price analysis carried out, a realistic price
for silicon metal can be set as an average of the values be-
tween 2007 and 2020, which remained between 9000 and
14000 $/kg. This is 12500 $/kg (11576 €/kg) with a pos-
itive variability of 30% and a negative fluctuation of 27%.
In addition to the 2022 value of 36186 $/kg (33506 €/kg).
The business potential of silicon processing and recycling
is shown in Table 3.

However, it is necessary to consider that these are gross
amounts without considering production costs and there-
fore these values are not profit. It has already been seen
that the energy cost alone account forat least 20% and is
probably higher today. The other costs would also be rele-
vant (but they have not been assessed by the Commission).

Another important issue is the recycling rate. Today,
there are several recycling processes under research
(Deng, et. al., 2022; Moen et al.,, 2017; Riech et al., 2021;
Wang, et.al., 2022). However, it does not seem realistic to
think that by 2030 the processes under research will have
reached industrial scale and will be able to achieve the 15%
recycling rate.

In any case, an increase of 19 billion euros (minimum
realistic scenario) or even 26 billion euros (AVG realistic
scenario) is an important economic volume to be consid-
ered. Even if it is not the final profit, this economic volume
opens up a business opportunity that would remain in the
EU instead of in other third countries where the industry
may not be environmentally or socially sustainable.

TABLE 3: Business potential of silicon metal processing and recy-
cling in 2030.

Realistic scenario in 2030 (M€)

Stage 2022 value
AVG MAX MIN

Processing 54,501 70,620 39,669 157,744
Recycling 18,580 24,075 13,524 53,776
Processing 26,292 34,068 19,137 76,098
(increase)

Recycling 18,580 24,075 13,523 53,776
(increase)

5. CONCLUSIONS

Several interesting conclusions at different levels can
be drawn from this research.

The EU relies heavily on CRM to sustain its economy
and technology. The EU’s CRM policy, launched in 2011 and
updated in 2023, aims to ensure the sustainable supply of
essential raw materials. In the case of silicon metal, de-
pendency has been improved, but recycling is an ongoing
challenge that needs to be addressed. Diversification has
been observed in the countries supplying silicon metal to
the EU, suggesting a risk mitigation strategy. Silicon metal
is essential for PV energy production, but is in short supply
in the EU, posing a risk to energy and economic security.

One of the issues with silicon metal is its price volatil-
ity, which is not as high as other CRM (REE). Despite this,
some important price changes are observed occasionally
motivated by specific factors such as Chinese domestic
policies, business decisions or energy crises.

The improvement of the silicon metal processing situa-
tion in the EU under the targets set for 2030 could bring an
enormous business potential with an estimated increase
of 19 billion euros (B€) in the most favorable scenario for
transformation and 13.5 B€ in the case of recycling.

However, further analysis of silicon metal prices and
volatility is needed to try to anticipate price behaviour and
minimise investment risks in order to develop a stronger EU
industry to reduce imports, and mitigate price fluctuations.

Current supply of silicon and desirable goals for 2030
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FIGURE 2: Current supply of silicon and desirable goals for 2030.
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It is necessary to study the different silicon metal products
and to understand their intra-year volatility (rather than
considering solely annual average values). Furthermore,
this price analysis has been carried out on the American
price basis, so there is a need to analyse the differences
with the European market. Finally, a study of silicon metal
processing costs is required to understand the potential
direct economic benefits of increasing silicon metal pro-
duction in the EU.
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ABSTRACT

Wastes from shipping pose a substantial environmental challenge at local, regional
and global scales, particularly in terms of adverse impacts on climate change and
biodiversity. There is an increase in installations of exhaust gas scrubbers to reduce
the emissions from ships following international regulations on sulphur content in
marine fuel from 2020. Marine scrubbers can be classified into wet and dry scrub-
bers. Scrubber water (also known as washwater) from both wet scrubber systems
has been found to release acidic water containing nutrients and contaminants back
to the marine environment, including metals, aromatic hydrocarbons, and soot par-
ticles. This is especially true for the open-loop scrubbers that utilize the natural al-
kalinity of seawater and keep a high flow of process water in order to reduce SO2 in
the exhaust and the washwater is discharged to sea, most often without substantial
treatment. Little is known about potential impact of the discharged washwater on the
marine environment. In ecotoxicological tests, a number of marine organisms have
shown negative effects after acute and chronic exposures to varying concentrations
of scrubber water, but the main pollutants involved in these responses are not clear
yet. The aim of this study was to evaluate the effect of the main pollutants found in
open-loop scrubber discharge water for survival, feeding and development of dif-
ferent species at the base of the food web after acute exposures to gas scrubber
effluent. Toxicity, mortality, and physiology have been evaluated in marine microal-
gae, Tetraselmis suecica, and blue mussel (Mytilus edulis) larvae. Direct exposure to
scrubber water appears to adversely affect biological and reproductive parameters
in invertebrates, raising substantial concerns about ongoing open-loop exhaust gas

1. INTRODUCTION

Waste materials from international shipping pose a
significant threat to our oceans and their delicate ecosys-
tems, particularly in terms of impacts on climate change
and biodiversity. Ships produce oily waste from engines,
machinery, and fuel systems. Qil spills harm marine life,
contaminate water, and damage coastlines. Discharged
washwater contains sulfur and other pollutants, impacting
air and water quality. Ballast Water, used to stabilize ships
during loading and unloading, introduces invasive species,
disrupting local ecosystems. Sewage (so- called “black wa-
ter”), from crew and passengers, contaminates seawater,

scrubber system deployment.

spreads diseases, and harms aquatic organisms. Grey-
water (non-sewage wastewater from sinks, showers, and
laundry) contains detergents and chemicals, affects local-
ised water quality. Leftover cargo materials and cleaning
water pollutes water, especially if cargo contains hazard-
ous substances. Discarded rubbish from onboard activi-
ties, including plastics, paper, and food waste is ingested
by marine animals, causing entanglement and habitat de-
struction. Efforts to manage ship-generated waste involve
regulations, proper disposal, and sustainable practices to
safeguard our oceans.

In addition, international shipping is responsible for the
emissions of a variety of air pollutants, including volatile
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carbon-based gases, particulate matter (PM), sulphur ox-
ides (SOx), and nitrogen oxides (NOx), with marine ship-
ping currently predicted to account for 5-15% of global
anthropogenic SOx emissions (Viana et al., 2014; Lind-
stad & Eskeland, 2016; Sofiev et al., 2018). Ship emissions
are regulated by the International Maritime Organization
(IMO) which has recently set a stricter limit on the sulphur
content of shipping fuels. Exhaust gas cleaning systems,
also known as scrubbers, remove SOx from exhaust gas-
es before they are emitted to the atmosphere, with stud-
ies suggesting scrubbers are able to remove up to 95% of
SOx from the exhaust gas (Andreasen & Mayer, 2007). Due
to the increased costs of these higher quality fuels, many
shipping companies opt for the use of scrubbers that of-
fer a viable solution at a lower economic cost (Endres et
al., 2018; Teuchies et al., 2020). The majority of scrubbers
installed on marine vessels are wet scrubbers using either
a ‘closed-' or ‘open- loop’ system. Remnant washwater is
discharged into the surrounding surface water at a flow
rate between 200-500L/s for a 15SMW vessel from an open-
loop scrubber, and only ~0.5-3L/s for a T5SMW vessel from
a closed-loop scrubber due to the recirculation process
(Teuchies et al., 2020). The washwater generated can con-
tain a variety of pollutants, including polycyclic aromatic
hydrocarbons (PAHSs), trace metals and nitrates, thus dis-
placing potential atmospheric pollutants to the marine en-
vironment (USEPA, 2011; Lunde Hermansson et al., 2021).
Washwater is highly acidic, with the median pH of open-
loop scrubber water reported as 5.63, due to the dissolved
sulfuric and nitric acids (Comer, Georgeff & Osipova, 2020;
Teuchies et al., 2020).

The chemical composition and concentrations of con-
taminants in discharged scrubber water are dependent on
a number of factors including the type of scrubber, scrub-
ber design, removal efficiency, composition of fuel and lu-
bricant oil, and the operating conditions of the ship (Has-
selldv, et al., 2020). Several PAHs - such as anthracene,
phenanthrene, naphthalene, fluorene and fluoranthene -
have been identified in multiple studies (Magnusson, et al.,
2018; Schmolke, et al., 2020), and may originate from the
fuel itself or the fuel combustion process. Metals are an
important component of scrubber water with the highest
recorded concentrations reported as vanadium, zinc, cop-
per and nickel (Teuchies, et al., 2020). Vanadium and nickel
originate from, and according to previous studies, correlate
strongly to the sulfur content of the used fuel (Hansen & Aal-
borg, 2012; Teuchies, et al., 2020). However, the high con-
centrations of copper and zinc may be related to the com-
position of other equipment such as a ship’s anti-fouling
system, the sampling tube, and corrosion protection anodes
(Turner, et al., 2017; Ushakoyv, et al., 2020). A report by Car-
nival corporation & PLC (2019) found similar metals in their
washwater effluents, with additional metals such as lead
(Pb) and chromium (Cr) present at lower concentrations.

Despite the rapid increase in the use of scrubbers,
knowledge about the impacts of scrubber effluent on the
marine environment remains insufficient (Lange & Mark-
us, 2015). Very few studies have investigated the effects
of scrubber water on marine organisms. Some argue that
the environmental impacts of the discharge of scrubber

water will be negligible, with the resulting concentrations
of hazardous substances in the surface water predicted to
be orders of magnitude below levels of concern (Kjglholt et
al., 2012). However, this modelling was completed on the
assumption that background concentrations of contami-
nants remain constant. This scenario is unlikely to be rep-
resentative, especially close to ports, marinas, and areas
where sources of diffuse pollutants may accumulate, and
as substances such as PAHs and metals can persist for
long periods in the environment, thus increasing in concen-
tration over time. Initial studies have also demonstrated
lethal and sub-lethal effects on various marine organisms
when exposed to different dilutions of scrubber washwater
(Koski, Stedmon & Trapp, 2017; Magnusson, Thor & Gran-
berg, 2018; Ytreberg et al., 2019). Furthermore, there is
particular concern over the effects of scrubber washwater
within ports, estuaries, and coastal waters, that experience
low water exchange rates and are some of the most heav-
ily trafficked areas (Ytreberg et al., 2019; Teuchies et al.,
2020; Thor et al., 2021). Studies analysing the contents of
scrubber discharge suggest that the use of scrubbers di-
rectly conflicts with the Water Framework Directive’s goals
of achieving good environmental status within European
waters (Lunde Hermansson et al., 2021). Therefore, under-
standing the potential effects of scrubber water discharge,
as well as some of the main pollutants such as PAHs and
heavy metals, on phytoplankton and zooplankton is impor-
tant for assessing the environmental risks associated with
increased scrubber usage in the future.

Many studies that have investigated the effects of
PAHs and metals have used concentrations of individu-
al compounds that are orders of magnitude higher than
those found in scrubber water. Existing studies tend to
focus on assessing the impact of single, isolated chemi-
cals on aquatic organisms. This approach, while informa-
tive, does not reflect the real conditions in the environment
faced by marine life when exposed to scrubber washwater.
Scrubber discharge contains complex mixtures of various
contaminants, including metals, sulfur compounds, polycy-
clic aromatic hydrocarbons (PAHs), and other potentially
harmful substances. As a result, marine organisms are
often subjected to combined chemical interactions and
synergistic effects that can amplify toxicity beyond what
would be expected from exposure to individual compounds
alone. This complexity highlights the need for our study;
original research that evaluates the cumulative and inter-
active effects of multiple pollutants in scrubber washwater
in order to provide a more comprehensive understanding
of its true impact on aquatic ecosystems. Our study also
examines the effects of individual pollutants present in
scrubber wash water, such as phenanthrene, anthracene,
and fluoranthene, compared to their combined impact.

A multispecies approach toward ecotoxicological te-
sting is fundamental for the purposes of risk assessment
and getting accurate environmental management and eco-
logical risk assessment procedures. For this reason, the
ecotoxicological experiments in this report include two dif-
ferent species reflecting different trophic levels in the ma-
rine food web. Part | of this paper provides evidence of the
effects of scrubber water and some of the main pollutants
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on the growth and mortality of marine microalgae, Tetra-
selmis suecica. Part |l shows results obtained with the blue
mussel larvae exposed to different dilutions of scrubber
water. These results provide information about the poten-
tial effect of scrubber water discharges in the marine envi-
ronment and which trophic levels could be more sensitive
to the components of this water.

2. PARTI: EVALUATION OF THE TOXICITY OF
SCRUBBER WATER AND SOME OF THE MAIN
POLYCYCLIC AROMATIC HYDROCARBONS
(PAHS) AND HEAVY METALS FREQUENTLY
FOUND IN SCRUBBER EFFLUENTS ON THE
GROWTH AND MORTALITY OF THE MARINE
MICROALGAE, TETRASELMIS SUECICA

2.1 Introduction

Marine microalgae are important components of the
aquatic environment due to their role as primary producers
in the aquatic food web and as key players in biogeoche-
mical cycling (Ebenezer & Ki, 2013). They can be one of
the first groups affected by contamination and can thus be
sensitive indicators of environmental change (Debelius et
al., 2009; Kumar & Shin, 2017). For this reason, they have
frequently been used in ecotoxicological assays, results of
which have been widely used as a basis of risk assessment
and the development of environmental regulations (Kumar
& Shin, 2017).

Tetraselmis suecica is a species of unicellular green
algae with a high growth rate and a global distribution
(Ebenezer & Ki, 2013; Kumar & Shin, 2017). T. suecica is a
commercially important algae species due to its widespre-
ad use as a basic food organism in aquaculture (Kumar &
Shin, 2017). Due to its unicellular nature, it is likely to be
sensitive to potentially toxic compounds (Debelius et al.,
2009). Microalgae are often the main primary producers
within aquatic environments and thus they represent the
main energy input into the ecosystem (Campanella, et al.,
2001). Therefore, the impacts of the components of scrub-
ber washwater on a species such as T. suecica are of great
interest, due to the potential wider environmental impacts
on the marine environment, as detrimental effects to algal
species are likely to affect organisms at higher trophic le-
vels, and thus potentially impact ecosystem health (Chen
et al.,, 2018). This species shows short generation times
(Cid, et al,, 2012), is easily cultivated within a laboratory
(McCormick & Cairns, 1994), and is closely connected with
other marine organisms (Champan, 2013), making it an
ideal test species.

The objectives of the ecotoxicological assays using T.
Suecica were:

To determine the effect of scrubber water at different
concentrations on the survival and growth of T. suecica.
To evaluate the effect of phenanthrene, anthracene and
fluoranthene as single compounds and combined on
the survival and growth of T. suecica.

To assess the effect of heavy metals on the survival
and growth of T. suecica.

2.2 Methods
2.2.1 Algae culture conditions

The green unicellular marine algae T. suecica was cul-
tured in the laboratory under standardised conditions (24
hours of continuous light at 20°C), following the internal
standard protocol at the National Oceanographic Centre,
Southampton. The subculturing process was carried out
using 20 L bottles containing filtered seawater, which was
enriched with nutrient solution. Cultures of T. suecica were
supplied with 0.2 pm-filtered air and were routinely moni-
tored by microscope observation to confirm their growth
and check for contamination.

2.2.2 Experimental solutions

All glassware was acid-washed (HNO, 10% vol.) and
rinsed with distilled water and acetone prior to the exper-
iments.

Scrubber water discharge

The scrubber water was collected from the open scrub-
ber system of “Catherine C" by DANAOS. Sample was
taken on 19" of August 2021; location: at sea; position:
51 04.6N; 001 37.9W. The scrubber discharge water was
collected from the overboard unit of the ship (scrubber
outlet) directly into acid-washed glass containers; at the
same time, inlet water was collected from the seawater
pump system onboard (scrubber inlet). All containers were
shipped to Southampton, UK, upon returning to the harbour
and were subsequently stored at 4°C and dark until use in
experiments. The scrubber water concentrations for the
experiments were 0.001, 0.01, 0.1, 1.0, 2.0, 5.0, 10.0, 20.0,
40.0 and 100% of the original outlet scrubber discharge wa-
ter. The dilutions were made using autoclaved and filtered
sea water. Each treatment was replicated three times and
the whole experiment was repeated twice.

PAHs

PAHs were tested individually at concentrations equiv-
alent to those identified in scrubber water. Phenanthrene
and fluoranthene are some of the most prevalent PAHs
identified in washwater (USEPA, 2011; Teuchies et al.,
2020). Anthracene has been identified as a priority sub-
stance by the European Water Framework Directive (Teuch-
ies et al., 2020), and studies have suggested it is one of the
most toxic hydrocarbons (Aksmann & Tukaj, 2004). Multi-
ple studies have reported median effect concentrations at
the magnitude of micrograms per litre (Gala & Giesy, 1992;
Aksmann & Tukaj, 2004, 2008), with one study reporting
a median lethal concentration (LC50) of 1.93 pg/L (Wein-
stein & Polk, 2001). This low lethal concentration is a simi-
lar concentration to those recorded in scrubber water, sug-
gesting that anthracene could be one of the more potent
pollutants present within scrubber discharge.

Analytical grade phenanthrene, fluoranthene and an-
thracene (Sigma-Aldrich) were dissolved in 100% acetone
to produce stock solutions at concentrations of 1 mg/mL.
These were subsequently diluted using autoclaved sea-
water, to obtain a final concentration of 100 pg/L of phe-
nanthrene, and 20 pg/L for both fluoranthene and anthra-
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cene. Appropriate volumes of final stock solutions were
then added to experimental vials, and diluted with artificial
seawater, to obtain desired concentrations of PAHs. The
concentrations used in this study were selected to reflect
those found in scrubber water at various levels of dilution,
equating to a 1%, 10%, 40% and 100% concentration of
washwater. The nominal test concentrations were there-
fore 0.05, 0.5, 2 and 5 pg/L for phenanthrene, and 0.01, 0.1,
0.4 and 1 pg/L for both anthracene and fluoranthene. Each
treatment was replicated three times and the whole exper-
iment was repeated twice.

When assessing the toxicity of PAH combinations, the
ratio of the individual mixture components was kept con-
stant while the total concentration of the mixture was var-
ied.

Metals

Four metals commonly found in scrubber effluents
were our focus for the tests. These are V, Ni, Zn and Cu. All
metal sources were of analytical grade (299% purity) and
purchased either from Merk (Germany) or Sigma-Aldrich
(Germany). Substitutes were used as sources for each met-
al to simplify the homogeneity of the solution. Vanadyl sul-
phate hydrate (H,0, SV) was used as a vanadium source;
copper sulphate pentahydrate (CuSO,.5H,0) was used as
a copper source; zinc sulphate heptahydrate (ZnS0,.7H,0)
was used as a zinc source; nickel sulphate hexahydrate
(NiO,.6H,0) was used as a nickel source.

A stock solution of each metal was produced with an
initial concentration of 1000 ppm. This initial stock solution
was serial diluted in autoclaved seawater to obtain stock
solutions of: 500 pg/I for V; 500 pg/l for Zn; 100 pg/I for
Ni; 50 pg/I for Cu. The appropriate volume of each solution
was added to a final solution of 20 ml. The final concen-
trations of metals were: 350 pg/I for V; 250 pg/I for Zn; 50
pg/I for Ni; 40 pg/l for Cu. These concentrations were de-
termined from the average of metals found in open loop
systems noted by Teuchies et al. (2020) as well as an
preliminary results obtained by the EMERGE consortium.
The [100%] concentration represents the concentration of
metals taken directly from a tap near the scrubber outlet.
Three additional diminishing concentrations were tested to
consider the dilution of the effluent over time as well as
analyse the trend in cell concentration and viability. These
concentrations are: [40%]; [10%] and [1%]. Each treatment
was replicated three times and the whole experiment was
repeated twice.

2.2.3 Experimental design

Toxicity assays were performed following the proposed
standard protocol for conducting ecotoxicological stud-
ies on algae from I1SO standard 8692 (ISO, 1989). Toxicity
testing was carried out over a 96-hour period for scrubber
water discharge and 72-hour period for PAHs and metals
exposure. Static, non-renewal tests were carried out at
20+0.70C, under continuous illumination. Tests were con-
ducted in 50 mL beakers; test solution volume was 20 mL.
Stock cultures in logarithmic growth phase (cell density of
1x 10% cells mL"") were used as inoculum. During exposure,
beakers were shaken daily. Two independent tests were

carried out with triplicate repeats for each treatment. A
negative control (i.e. a group that does not receive any type
of treatment and, therefore, should not show any change
during an experiment) was included with autoclaved sea-
water only. A solvent control was included with a diluted
acetone for PAHs exposure and a solution of seawater
with 2% of HNO, for metals exposure. 40 mg/L copper(ll)
sulfate pentahydrate (CuSO,.5H,0) and 200ug/L tributyltin
chloride (TBT-Cl) were used as the reference toxicants for
PAHs and metals experiments, respectively (Tam, Wong
and Chong, 2001).

2.2.4 Cell concentration

At the end of the 72-hour exposure period, growth was
determined by cell counts using a Neubauer Improved
haemocytometer at 10 x magnification under an optical
microscope.

2.2.5 Trypan blue cell viability test

Growth was determined by cell counts using a Neubau-
er Improved haemocytometer and a light microscope. Af-
ter the incubation period of 72 hours, 10 pl of Trypan blue
solution was added to 10 pl of each treatment to stain the
sample for microscopic evaluation. The number of viable
and non-viable individual algal cells were identified and
enumerated using a haemocytometer under a light micro-
scope (Olympus CH30) with 20X magnification. Non-viable
algae cell were distinguishable from viable cells as they
were stained blue unlike the green viable cells without
the penetration of the stain. In an attempt to avoid uncon-
scious bias when counting and identifying viable cells, this
was performed blind, and treatments and concentrations
were only made known post-counting.

2.2.6 Statistical analysis

The data were tested for normality and homogeneity of
variance. One-way analysis of variance (ANOVA) was sub-
sequently utilised to test for significant differences in cell
concentration and mortality between treatment groups.
Where a significant difference was observed, Tukey’'s HSD
post hoc test was used to assess pairwise differences.
When data did not meet the assumptions of normality and
homogeneity of variance, the non-parametric Kruskal-Wal-
lis one-way ANOVA was employed, followed by Dunn’s test,
to compare individual treatment groups. Percentage mor-
tality data was arcsine transformed before any statistical
analysis was carried out (Bellas et al., 2008).

2.3 Results

2.3.1 Effect of exposure to scrubber water on cell concen-
tration and mortality of T. suecica

After a 96-h exposure, a significant difference in algal
cell concentration between treatment groups (p < 0.0071;
Figure 1a) was observed. Cell concentration and mortality
showed a concentration-dependent effect with the maxi-
mum reduction observed for the highest concentrations of
scrubber water. The 96-h LC, was calculated as 60.17% at
the end of the experiment.
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2.3.2 Effect of exposure to PAHs on cell concentration and
mortality of T. suecica

After the 72-hour exposure, there were no significant
differences in the algal cell concentration or mortality
between the negative seawater controls and the acetone
controls, in the second experiment (p > 0.05). A significant
difference in algal cell concentration between treatment
groups (F = 15.61, p < 0.001; Figure 2a) was observed. Ex-
posure of T. suecica to all concentrations of phenanthrene,
fluoranthene and anthracene resulted in a significant re-
duction in the cell concentration, compared to the control
treatment (p < 0.01). However, cell concentration did not
decrease with increasing concentration of toxicant, with no
significant differences in cell growth between concentra-
tions of all the PAHs tested (p > 0.05).

The mortality significantly differed between treatment
groups (F = 11.8, p < 0.001; Figure 2b). None of the PAH
treatment groups resulted in a significantly different morta-
lity compared to the negative controls (p > 0.05). However,
the resulting mortality upon exposure to 100%, 10% and 1%
phenanthrene, as well as 100% fluoranthene, significantly
differed to all other PAH treatments (p < 0.05; Figure b).
One of the individual PAHs tested (phenanthrene) show-
ed significant toxicity (significantly greater algal mortality
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than the solvent control, p=<0.05) at the 100% concentra-
tion, however the other two PAHs (anthracene and fluoran-
thene) did not show significant toxicity at the any of the
tested concentrations.

All 4 possible combinations of the 3 PAHs at all concen-
trations were significantly different (p=<0.05) to the control.
Kruskal-Wallis tests were performed at a 95% confidence
interval to determine if there was a significant difference
in mean percentage mortality between the individual PAHs
and when in combination at 4 relative concentrations. Each
individual PAH was compared to its respective combina-
tions (e.g., Anthracene (A) 1% was compared to A+F 1%,
A+P 1%, and A+F+P 1%) (Table 2).

Post-hoc Dunn tests were performed at a 95% confi-
dence level. In the case of all 3 PAHSs, the effects of PAHs
in combination were significantly different from the indivi-
dual effect (Figure 3). For each combination tested there
appeared to be a positive correlation between increasing
concentration and the level of toxicity on Tetraselmis. The
resulting p-values were all <0.05 demonstrating that the
concentration of each combination tested had a significant
impact on the toxicity of that combination.

The post-hoc tests demonstrated significant differen-
ces between the 1% and 100% concentrations for all four

2% 5% 10% 20% 40% 100%

2% 5% 10% 20% 40% 100%

Scrubber water (%)

FIGURE 1: The effect of scrubber water on (A) the cell concentration and (B) mortality of the marine algae, Tetraselmis suecica, over a 96-

hour period. Values plotted indicate the mean + SD (n=3).
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FIGURE 2: The effect of the polycyclic aromatic hydrocarbons (PAHs), phenanthrene, anthracene and fluoranthene on (A) the cell concentra-
tion and (B) mortality of the marine algae, Tetraselmis suecica, over a 72-hour period. Values plotted indicate the mean + SD (n=3). Letters
represent significant differences (p < 0.05) between treatments, whereby if bars share the same letter, they are not significantly different.

combinations illustrating this large variation in concentra-
tion has a significant impact on their toxicity. However, the
toxicity of the various intermediate concentrations differed
between the PAH combinations. The toxicity of both the
A+F and F+P mixtures was significantly different between
the 1-10%, 1-40%, and 10-100% treatments. This suggests
there is a significant relationship between increased con-
centration and toxicity, however the impact of increasing
concentration appears to decrease at the highest concen-
trations. The toxicity of A+P is only significantly different
between the 1-10% treatments. This suggests that for this
combination of PAHSs, the greatest increase in toxicity oc-
curs between 1-10% concentration, and the toxicity of the
three highest concentrations does not differ significantly,
illustrating a weaker relationship between concentration
increase and toxicity, with a plateau in toxicity apparent
across these higher concentrations. Finally, the A+F+P
mixture shows no significant difference between the 1-10%

treatments unlike the other 3 mixtures, however, does show
significant difference between all other combinations of
concentrations. Hence concentration significantly impacts
the toxic effects of this PAH combination above 10% with
each increase in concentration resulting in an even greater
toxic effect.

To assess the interactions between the PAHs exami-
ned, the extent to which the effect of the PAHs in combina-
tion exceeds the effect of each PAH considered individual-
ly can be explored, a method outlined by Rothman (1986).
This extent can be measured utilising the equation below:

Po3+n~ Poi ~Po; = P, Tt Doy (1)
where:

p = probability of the outcome from 0-1 (in this case, the
probability of algal mortality)

03+n = effect of the toxicants in combination

01 = effect of first individual toxicant
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02 = effect of second individual toxicant

n = effect of nth individual toxicant

00 = effect resulting from no toxicant (e.g., solvent control)
If Pogen = Poy = Py, ~ P, Pyo > O, the interaction is said to be
positive or “super-additive”.

If Pogen = Poy = Py, ~ P, Py < 0, the interaction is said to be
negative or “sub-additive”.

A value of exactly 0 would represent a standard additive
effect.

The interaction effect was calculated at all 4 concentra-
tions in order to get a broader understanding of the interac-
tions between PAHs (Table 2).

Table 2 gives insight into the nature of the interaction
of PAHs within mixtures at different concentrations. A+F
shows super-additive (aka synergistic) effects at all four
concentrations alongside A+P and F+P at 10, 40 and 100%
concentration, and A+F+P at 40% concentration. This sug-
gests that at many concentrations, the relative toxic effects
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TABLE 1: Effects of individual and mixtures of PAHs on algal mor-
tality at the 4 relative concentrations. Kruskal-Wallis p-values at
95% are displayed with levels of significance illustrated (* = p <
0.05,** =p <0.01,***=p<0.001).

PAH (& respective Relative Kruskal-Wallis
combinations) concentration p-value
Anthracene 1% 0.07
10% 0.0005 ***
40% 0.0005 ***
100% 0.004 **
Fluoranthene 1% 0.06
10% 0.008 **
40% 0.0007 ***
100% 0.002 **
Phenanthrene 1% 0.5
10% 0.0003 ***
40% 0.007 **
100% 0.009 **

TABLE 2: Interaction index for the 4 PAH mixtures using equa-
tion above. >0 represents a super-additive effect, <0 represents a
sub-additive effect (highlighted in grey). Percentage mean mortal-
ity was converted to probability from 0-1 for calculation purposes.

Relative concentra- Interaction calcula-

PAH mixture tion tion result
Anthracene + Fluoran- 1% 0.004
thene

10% 0.249

40% 0.402

100% 0.342
Anthracene + Phenan- 1% -0.014
threne

10% 0.327

40% 0.226

100% 0.172
Fluoranthene + 1% -0.002
Phenanthrene

10% 0.124

40% 0.257

100% 0.137
Anthracene + Fluoran- 1% -0.186
thene + Phenanthrene

10% -0.432

40% 0.061

100% -0.028

of the PAHs are greater in combination than when tested
individually. However, this finding was not universal with
both A+P and F+P at 1%, and A+F+P at 1, 10, and 100%
concentrations showing sub-additive (aka antagonistic)
effects.

2.3.3 Effect of exposure to heavy metals on cell concentra-
tion and mortality of T. suecica

For cell viability, the negative and solvent controls were
non significantly different (Dunn Test: p= 0.76) whilst they
were both significantly different to the positive control
(Dunn Test negative-positive: p= 0.0054; Dunn Test solvent-
positive: p=0.0086).

Significant differences in cell density among the tre-
atments for 100, 40, 10 and 1% of the scrubber effluent
metal concentrations were observed. The cell density for
metals which had concentrations equal to 100% of scrub-
ber effluent were significantly different from the negative
control (Kruskal-Wallis: n= 6, p =0.001624). All the tre-
atments had lower cell concentrations than the negative
control (from ~100,000 to ~40,000 cells/ml) but weren't
significantly different from one another (Figure 4).

The cell density of treatments when concentrations
were at 40% of the reported scrubber effluent concentra-
tion were significantly different from one another (Kruskal-
Wallis: n= 6, p =0.000403). All the 40% treatments had si-
gnificantly different and lower averages compared to the
negative control, except Cu (Dunn test Cu-negative: p =
0.287). Whilst observing the treatments, V had the lowest
cell density (33,000 cells/ml) but was not significantly dif-
ferent to Zn (48,500 cells/ml; Dunn test V-Zn: p= 0.029) or
Ni (52,100 cells/ml; Dunn test V-Ni: p= 0.029). V was, howe-
ver, significantly different to Cu (83,125 cells/ml; Dunn test
V-Cu: p= 0.0082). The other treatments (Ni, Cu, Zn) were
not significantly different from one another.

The cell density of treatments where concentrations
were at 10% reported significant differences between
themselves (Kruskal-Wallis: n= 6, p =0.002471). Ni, Cu, Zn
and the negative control were not significantly different
from one another. V was significantly different to both Cu
and the negative control (Dunn test V-Cu: p= 0.0015; Dunn
test V-negative control: p= 0.0004).

Finally, when metal concentrations were at 1% of the re-
ported scrubber effluent concentrations, cell density of the
treatments were significantly different (Kruskal-Wallis: n=
6, p =0.0420). The only significant difference was between
Cu and V (Dunn test V-Cu: p=0.003). Every other treatment
was not significantly different to the negative control.

Significant differences in cell viability among the treat-
ments for 100, 40, 10 and 1% of the scrubber effluent metal
concentrations were observed (Figure 5). Viability of cells
when the metal concentrations were equal to 100% of
scrubber effluent had significant differences in their aver-
age (Kruskal-Wallis: n=6, p =0.00034). At 100% concentra-
tions, all of the metals had cell viability ranging from 0.35 to
0.5 compared to the negative control, which had a viability
of 0.89. Whilst all of the metals were significantly differ-
ent to the negative control, no significant differences were
found between themselves (Dunn test: p > 0.05).

The cell viability of treatments when concentrations
were at 40% of the reported scrubber effluent concen-
tration were significantly different (Kruskal-Wallis: n= 6,
p =0.0075). Just like for the 100% concentration, all the
treatments had significantly different and lower averages
compared to the negative control. The metals had similar
viabilities (~ 0.65) and were not significantly different from
one another.

The cell viability of treatments when concentrations
were at 10% reported significant differences between
themselves (Kruskal-Wallis: n= 6, p =0.01155). Just like the
40% and 100% concentrations, Metals had similar viabili-
ties (~ 0.75) and were not significantly different from one
another. However, they all had lower and significantly dif-
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FIGURE 4: T. suecica average cell density after 72h of exposure to different concentrations of vanadium, zinc, copper and nickel. Average ob-
tained from the three culture replicates per bioassay done twice. Different letters designate values that are statistically significantly different
from one another (ANOVA and Tukey's test with a p < 0.05). (I). Vanadium; (I). Zinc; (1I1). Nickel; (IV). Copper.

ferent averages in viability when compared to the negative
control.

Finally, when metal concentrations were at 1% of the
reported scrubber effluent concentrations, cell viability
of the treatments were still overall significantly different
(Kruskal-Wallis: n= 6, p =0.01429). Zn, Cu and the negative
were not significantly different from one another. However,
the negative control and Zn were significantly different to
V (Dunn test V-negative control: p =0.0123; Dunn test V-Zn:
p=0.021) and Ni (Dunn test Ni-negative control: p =0.007,
Dunn test Ni-Zn: p=0.014). Cu, V and Ni had averages of cell
viability that weren't negatively different from on another
(Dunn test p > 0.05).

3. PART II: EVALUATION OF THE TOXICITY
OF SCRUBBER WATER ON THE EARLY DE-
VELOPMENT OF THE BLUE MUSSEL (MYTI-
LUS EDULIS)

3.1 Introduction

It has been reported that contaminants present in
scrubber discharge water could induce biological effects
at low concentrations (Koski et al., 2017; Ytreberg et al.,
2019). Negative effects of scrubber water discharges on
plankton have been reported with more toxic effects com-

pared to single compounds (Koski et al., 2017). This indi-
cates synergistic effects of the scrubber discharge water
mixture, particularly with direct - not dietary - exposure to
discharge water (Koski et al., 2017). If this is a common
situation for organisms at the basal levels of the food web,
it could have substantial consequences for the food web
structure and ecosystem functioning.

For many aquatic species, early life stages are the most
vulnerable to environmental stressors, and therefore em-
bryos and larvae are commonly used for toxicity tests to
determine the sensitivity of organisms to pollutants (Con-
nor, 1972; Martin et al., 1981). Mussels are an ideal test
species due to their high sensitivity to pollutants, ecolog-
ical importance, vital ecological niches, susceptibility to
pollutants uptake and close connection with marine pred-
ators and human health. However, for the purposes of risk
assessment, ecotoxicological tests and organisms used
should be standardized.

Embryos and larvae are less tolerant to toxic com-
pounds than adults of the same species and therefore
represent the critical life stages for toxicity tests (Connor,
1972; Martin et al., 1981). For this reason, embryo-larval
bioassays have proved to be very sensitive indicators of
seawater contamination (Bay et al., 1983). Mytilus larvae
has been frequently used in different studies due to its
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FIGURE 5: T. suecica average cell viability after 72h of exposure to different concentrations of vanadium, zinc, copper, and nickel. Average
obtained from the three culture replicates per bioassay done twice. Different letters designate values that are statistically significantly differ-
ent from one another (ANOVA and Tukey'’s test with a p < 0.05). (I). Vanadium; (I1). Zinc; (Il1). Nickel; (V). Copper.

good response to environmental contaminants (Annama-
ria et al., 2005; Beaumont et al., 1987).

The aim of our study using M. edulis larvae was to inve-
stigate the effects of open-loop scrubber discharge water
on physiological parameters of M. edulis developing larvae
in order to find the potential effect on their survival and
development after exposure to this discharge water.

3.2 Methods
3.2.1 Animals

Adult blue mussels (shell length 4.15 + 0.25 cm) were
collected from the pontoon at the National Oceanography
Centre Southampton (NOCS) and were transported to the
hatchery. The mussels were cleaned of any epifauna, epi-
floral, and other attached materials with a plastic brush
before acclimating them indoors in a tank with filtered Sea
Water under a static condition and with continuous aera-
tion. Eighty percent of the water was exchanged twice per
week and before the addition of microalgae. Animals were
kept at 14°C and salinity 32 ppt corresponding to the natu-
ral conditions of seawater at the collection site, and were
fed with a combined diet of Tetraselmis suecica and Isoch-

rysis galbana. Microalgae were cultured in 20-L flasks in
the algae room under standardised conditions (24 hours of
continuous light at 20°C), following the standard protocol
at the National Oceanographic Centre, Southampton. The
subculturing process was carried out using filtered seawa-
ter enriched with nutrient solution. Cultures were supplied
with 0.2 pm-filtered air, and were routinely monitored by
microscope observation to confirm their growth and check
for contamination.

3.2.2 Spawning induction

The mussels were induced to spawn by the temper-
ature shock method. Six blue mussels were placed in a
spawning tank containing filtered seawater at 30 ppt, with
continuous aeration. Every 30 min, the mussels alternate
between warm seawater tanks (25°C) and cold sweater
tanks (14°C). Once the spawning of the mussels had com-
pleted, the adults were returned to the acclimation tank.
Fertilised eggs were collected using a 30 ym sieve, placed
and maintained in a glass beaker (5 L) filled with SW, fil-
tered through 1-pm filter, with continuous aeration. Before
starting the exposure to the different dilutions, fertilised
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eggs were counted using a counting chamber under a mi-
croscope, diluted to a density of 200 eggs-cm™2in seawater
into a flat-bottomed glass dish (See Annex 1).

3.2.3 Scrubber water discharge

The scrubber water was collected from the open scrub-
ber system of “Catherine C" by DANAOS. Sample was taken
on 19 of August 2021; location: at sea; position: 51 04.6N;
001 37.9W. The scrubber discharge water was collected
from the overboard unit of the ship (scrubber outlet) di-
rectly into acid-washed glass containers; at the same time,
inlet water was collected from the seawater pump system
onboard (scrubber inlet). All containers were shipped to
Southampton, UK, upon returning to the harbour and were
subsequently stored at 4°C and in the dark until use in
experiments. The scrubber water concentrations for the
experiments were 0.001, 0.01, 0.1, 1.0, 2.0, 5.0, 10.0, 20.0,
40.0 and 100% of the original outlet scrubber discharge wa-
ter. The dilutions were made using autoclaved and filtered
sea water. Each treatment was replicated five times and
the whole experiment was repeated twice.

3.2.4 Experimental design

The fertilized eggs of M. edulis under the different treat-
ments were kept undisturbed in the dark without aeration
and food addition for a period of 48 h at 16°C. Experiments
were performed using a final volume of test solution of 20
mL. Five replicates for each treatment were tested. Due to
the end of the spawning season, we had a lack of spawning
animals and just one experiment could be performed. Cop-
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per sulfate pentahydrate (CuSO,-5H,0) was used as refer-
ence substance with test concentrations included in the
range 0 pg/L to 100 pg/L of CuSO,-5H,0. The acceptability
of test results was based on negative control for a percent-
age of normal D-shaped larvae =80% (His et al., 1999).

3.2.5 Biological measurements

Larvae were inspected under a stereoscope and an op-
tical microscope after approximately 48 h and assessed
for the percentage which exhibited normal morphology
(normality, D-veliger shape) from random samples of ap-
proximately 100 larvae (direct sampling, using a light mi-
croscope (Olympus CH30) with 20X magnification). Mor-
phological deformity was determined. Deformities were
considered when shell abnormalities, hypertrophy of the
mantle, and/or hinge abnormalities were found.

3.2.6 Statistical analysis

Data on the percentage of developing veliger larvae
were arcsine-square root transformed before analysis.
ANOVA or the Student t-test were used to determine if
there were significant differences in the mean percentage
of normal D-larvae and larval growth rate among treat-
ments. Data analysis was carried out using the software
SPSS version 27.

3.3 Results

Morphologically normal veliger larvae developed at
all treatments (Figure 6), although the relative proportion

(B)

2 5 10 20 40 100

Scrubber water (%)

FIGURE 6: M. edulis (A) Normal D-shaped larvae and (B) Abnormal D-shaped larvae with hypertrophy of the mantle. (C) Percentage of D-ve-
liger larvae after 48 h exposure of M. edulis fertilized eggs to different dilutions of scrubber water. Error bars represent standard deviations.

Scale bar: 20pm.
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statistically (p<0.05) varied among treatments. Figure 6
shows the percentage of normal morphological develop-
ment of veliger M. edulis 48 h after fertilisation at differ-
ent scrubber water dilutions. All the dilutions inhibited the
embryonic development of M. edulis in a concentration-de-
pendant manner. The EC_, after 48 h exposure to scrubber
water was 0.94%.

4. DISCUSSION

4.1 Effects of scrubber water on Tetraselmis suecica
and Mytilus edulis larvae

The results demonstrate that the normal Mytilus edu-
lis larvae development can be affected by exposure to
scrubber water at different dilutions. A high sensitivity of
embryo-larval stage of the blue mussel larvae was found.
This high sensitivity has been reported for Mytilus by other
authors confirming the use of this species as a bioindica-
tor useful for ecotoxicological testing focused on ecologi-
cal risk assessment (Boukadida et al., 2016). On the other
hand, the high LC50 value obtained for T. suecica exposed
to scrubber water indicates that this species is more tol-
erant to this kind of pollution. Different sensitivities can
be expected between species (Croxton, Wikfors & Schul-
terbrandt-Gragg, 2015) making a multispecies approach
fundamental for the purposes of risk assessment and
environmental management. Marine invertebrates are par-
ticularly sensitive to environmental pollutants. Exposure to
scrubber water can lead to physiological stress, impaired
reproductive success, and even increased mortality rates
(Koski et al., 2017; Thor et al., 2021; Picone et al, 2023). The
acidic nature of the wash water can disrupt shell formation
in mollusks by altering calcium availability (Gazeau et al.,
2013), while the presence of toxic metals and PAHs can in-
terfere with enzyme function and cause oxidative stress in
a variety of invertebrate species (Letendre et al., 2011; Vla-
hogianni & Valavanidis, 2007; Vitorino, 2023). Given their
role as key components of marine ecosystems and their
position in the food web, negative impacts on invertebrates
from scrubber discharge can have cascading effects on bi-
odiversity and ecosystem health, making it crucial to care-
fully manage and regulate scrubber water emissions in
marine environments.

4.2 Effects of PAHs on algae growth and mortality

The results demonstrate that algal growth was impact-
ed by exposure to PAHs, where exposure to all concentra-
tions of each PAH resulted in a reduction in cell concentra-
tion. This is consistent with the responses shown in many
other studies, whereby PAH exposure results in reduced cell
densities and growth inhibition (Gala & Giesy, 1994; Jiang
et al., 2002; éepié, Bricelj & Leskovsek, 2003; Wang, Zheng
& Meng, 2008). However, this did not occur in a dose-de-
pendent manner, as cell growth did not significantly differ
with increasing toxicant concentration. This contrasts with
the majority of the literature, where growth is inhibited in
a dose-dependent manner to PAH exposure (Aksmann &
Tukaj, 2004, 2008; Wang, Zheng & Meng, 2008).

The apparent lack of toxicity of PAHs presented in this
study could be due to the fact that toxicity assessments

using marine algae can be more challenging compared
to assessments using freshwater species (Ebenezer & Ki,
2013). The tolerance of T. suecica to chemical exposure
likely affected the toxicity of these chemicals. T. suecica
specifically has been shown to be more tolerant to chem-
ical stress, due to its ability to bioaccumulate higher con-
centrations, compared to other species of marine algae
(Ebenezer & Ki, 2016). For example, T. suecica has the
ability to withstand total PAH concentrations approaching
400 pg/L (Garr, Laramore & Krebs, 2014), which is multi-
ple orders of magnitude greater than the concentrations
used in this study. It has been reported that marine algae
could have a higher tolerance to toxicant contamination
compared to freshwater species, and other species such
as invertebrates, especially at lower concentrations (Gala
& Giesy, 1992; Ebenezer & Ki, 2013).

Cell size has also been shown to be an important factor
in determining PAH toxicity in phytoplankton, with smaller
cells being the most sensitive to chemical exposure (Ech-
eveste, Agusti & Dachs, 2011). This is a result of smaller
cells having an increased capability to incorporate contam-
inants into their cells, due to their higher surface to volume
ratio (Echeveste, Agusti & Dachs, 2010). This has been
demonstrated by the LC,, of phenanthrene ranging from
30.2 to 189 pg/L, depending on the cell size of the phyto-
plankton species (Echeveste, Agusti & Dachs, 2010).

Another factor that is likely to have significantly affect-
ed the toxicity of the PAHSs in this study is the light condi-
tions. Treatments were stored in an incubator where they
were exposed to standard light conditions. However, many
studies have shown that the toxicity of PAHs increases
upon the exposure to UV light, with the sensitivity of organ-
isms increasing two to three-fold under UV light exposure
(Grote, Schiilirmann & Altenburger, 2005; Okay & Karacik,
2007). The growth rate upon exposure to anthracene of the
green algae Selenastrum capricornutum was inversely cor-
related to the intensity of UV-A radiation, with EC_; ranging
from 3.9 to 37.4 ug/L (Gala & Giesy, 1992). This is due to
photomodification, which causes the formation of multiple
oxygenated products which are typically more toxic than
the parent PAH, and photosensitisation; this causes the
generation of oxygen species, resulting in oxidative dam-
age (Aksmann & Tukaj, 2004). Anthracene is predicted to
be one of the strongest and most efficient photosensitis-
ers, and its photomodification results in the formation of
more than 20 products, the majority of which are quinones
(Aksmann & Tukaj, 2004, 2008). Due to their similarity
with naturally occurring components of living cells, they
can often disrupt cellular processes, such as the electron
transport chain, resulting in impaired photosynthesis (Tu-
kaj & Pokora, 2006). This in turn leads to the production
of reactive oxygen species production (Aksmann & Tukaj,
2004; Tukaj & Pokora, 2006). Therefore, this study likely
underestimates the toxicity of the PAHs tested at the cho-
sen concentrations, especially anthracene, as in the ma-
rine environment, these chemicals will be exposed to UV
light, thus increasing their toxicity. Analysis has estimated
a threshold of photo-induced toxicity as low as 1.5 pg/L
(Gala & Giesy, 1992), therefore the concentrations which
occur in this study are likely to result in more significant
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effects on morality and growth, when combined with UV-
light exposure.

The PAHs tested in this study are all lower weight PAHs,
and are therefore more volatile in nature (Croxton, Wikfors
& Schulterbrandt-Gragg, 2015). This implies that evapora-
tion needs to be considered, which could have resulted in
lower toxicity of PAHs, as they may have evaporated at a
higher rate within the crucial period for their toxicity.

Scrubber water is known to comprise of a multitude of
pollutants, including various PAHs, metals, nitrates, and is
also highly acidic (USEPA, 2011). Exposure to a multiple
stressors has the potential to cause toxic effects, despite
individual contaminants being below levels of concern
(Beyer et al., 2014). For example, when testing the toxicity
of scrubber effluent to copepods, none of the contaminants
occurred at concentrations that could individually explain
the toxic effects observed (Thor et al., 2021). This demon-
strates that scrubber water toxicity cannot be predicted by
comparing the concentrations of individual pollutants to
toxicity thresholds (Magnusson, Thor & Granberg, 2018).

Exposure to multiple PAHs has been shown to have
varying effects, with a combination of phenanthrene and
anthracene, as well as paired exposure to anthracene and
fluoranthene, resulting in synergistic effects on algal cell
growth (Wang, Zheng & Meng, 2008).

The results of this study show a significant difference
between the toxic effects of the 4 PAH mixtures at dif-
ferent concentrations, illustrating the dose-response we
might have expected to see with the individual PAHs, with
the greater PAH concentrations resulting in greater algal
mortality. Specific studies into the effects of PAHs on plant
cells have shown anthracene is especially disruptive to the
photosynthetic elements of plant cells, causing distinct
changes in the pigment composition (Jajoo, et al., 2014).
However, the phenanthrene-containing mixtures did not ap-
pear to be significantly more toxic which may be explained
by the fact phenanthrene is not as toxic as anthracene and
fluoranthene, thus a greater concentration does not neces-
sarily correlate with greater toxic effects as illustrated by
greater effect and lethal concentration endpoints in several
other studies (Abernethy, et al., 1986; Spehar, et al., 1999;
Verbruggen, 2012). This suggests when in combination,
the individual toxicity of PAHSs is less important, and the
combined effects/interactions dominate the toxicity of the
mixture.

Additionally, we may have expected the treatments
containing 3 PAHs to produce greater toxic effects at all
concentrations due to the predicted interactive effects of
the PAHs. However, at the highest and lowest concentra-
tions, adding a third PAH to the mixture did not result in
significantly different levels of toxicity, while unexpectedly
at the 10% and 40% concentrations, the mixture containing
3 PAHs demonstrated weaker toxic effects than mixtures
containing 2 PAHSs.

The lack of difference between mixture toxicity at 1%
may be due to insufficient concentration and chemical ex-
posure to result in mortality, and thus equal mortality was
observed across all mixtures from natural causes or po-
tentially from exposure to the acetone solvent which was
shown to result in a small increase in algal mortality (Ver-

bruggen, 2012). Furthermore, the lack of differences be-
tween mixture toxicity at the 100% concentration may be a
result of excessive exposure time resulting in all 4 mixtures
reporting equal algal mortality. Toxicity begins to decrease
and plateau after a certain length of time, allowing less-tox-
ic mixtures to ‘catch up’ with the other more rapid-acting
toxic treatments (Connell, et al., 2016). In future, shorter
exposure experiments may be beneficial to get a better un-
derstanding of the magnitude of toxicity of these different
mixtures at the 100% relative concentration.

The effects of scrubber water on marine organisms
are difficult to predict based on individual chemical action.
While it is important to compare the effects of different
mixtures with each other, the results above have illustrated
that it is equally important to understand how the effects
of these mixtures differ from the individual effects, and
furthermore to understand the interactive effects/mecha-
nisms of PAHs in combination with one another.

PAHs are considered to be general narcotics and are
presumed to be similarly acting substances, meaning their
toxicity in combination is expected to be additive. This ad-
ditive interactive effect has been demonstrated in numer-
ous previous studies (Swartz, et al., 1995; Landrum, et al.,
2003). Deviation from additive toxicity has also been re-
ported, with both synergistic and less than additive effects
have been found in both marine and freshwater organisms
(Boese, et al., 1997; Olmstead & LeBlanc, 2005), and further
illustrated in the present study, indicating that the concen-
tration addition model may not accurately represent the
toxicity of PAHs in combination. Numerous studies sug-
gest the variation in interactive effects may be due to the
differing toxic mechanisms of chemicals within mixtures
(Chen & Lu, 2002), however in the present study this should
not be the case as the toxic mechanisms of the three PAHs
are presumed to be identical. Environmental pollutants can
disrupt the antioxidant enzymes system through closely
related mechanisms, indirect interactions, and cascade
effects that influence processes from pre-transcriptional
stages to catalytic activity (Regoli et al., 2014). Chemical
pathways can significantly increase the intracellular pro-
duction of reactive oxygen species (ROS) and, at the same
time, excessive oxyradical levels can suppress xenobiotic
metabolism, leading to significant environmental conse-
quences for organisms exposed to complex chemical mix-
tures. Although some studies have shown up-regulations
in genes such as CYP450s, GST, SOD, GPx, CAT, and HSPs,
establishing their characterization as PAH-sensitive genes
(Onyena et al., 2024), the mechanisms are still unclear be-
cause PAHSs can affect organisms depending on exposure
time, kind, matrix, and pollutant dose. In microalgae cells,
it seems like exposure to PAHs (as single compounds or
in mixture) can result in a reduction in growth rates and
biomass, alter photosynthetic activity, cause damage in the
membrane integrity, chloroplast and thylakoids, increase
lipid cellular content and antioxidant-response (Othman
et al,, 2023). The joint action modes of PAH mixtures are
complicated and thus the reasons behind the complex
pattern of the joint action mode of PAH mixtures requires
further research.
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4.3 Effects of metals on algae growth and mortality

Metals such as As, Cr, Co, Cu, Ni, Se, Va and Zn are
essential as nutritional requirements at trace amount
for many organisms but are toxic when present in great-
er amounts (Inthorn, 2001). We observed an elevated re-
duction in cell density and cell viability of T.suicica when
exposed to [100%] of the metal concentrations found in
open loop scrubber effluents. Further dilutions of the metal
concentrations resulted in no significant reduction in cell
density. However, V and Ni still had significant differences
in average cell viability when compared to the control even
at concentrations of [1%].

Dilution occurs at a higher rate in open sea systems
than in inland systems. In open sea, washwater will be di-
luted up to 2000 times when 50 m behind the vessel, and
1750 times whilst in a port at low speed (Buhaug et al.,
20006). At this dilution rate, the acute toxicity of the metals
is not expected. However, ports contain high volumes of
vessels at a single time which could result in an increase
in overall discharge and thus increase the concentration
found in the port. Whilst open water systems might not be
directly affected by the scrubber effluents, closed inland
systems such as harbours or rivers might be more affected
by the washwater. Teuchies et al. (2020) reported that met-
al concentrations that originated from scrubber washwater
is higher in inland waterbodies (i.e.: estuaries, harbours)
than in open marine systems. For example, it is expected
that the concentration of V could increase by 46% when in
docks. The overall concentration of these metals depends
on the speed and manoeuvre/activity of the vessel. Lower
use of fuel results in a lower volume of scrubber water dis-
charge, and vice versa.

Whilst studies can be found regarding the EC50s of T.
suicica with some of these metals such as copper (Davar-
panah and Guilhermino, 2015), not all of the metals have
their EC50s reported. Examining the combined effect of
these metals on T. suicica could help paint a better picture
of the overall effects of scrubber water.

The co-exposure to metals and PAHs has frequently
reported synergistic action, with nearly 45% of research
on their combined toxic effects demonstrating synergis-
tic mortality (Gauthier et al., 2014). Multiple studies have
shown additive or synergistic effects of anthracene and
cadmium, both of which are found in scrubber water, on
the growth of algal species (Tukaj & Pokora, 2006; Pokora
& Tukaj, 2010; Bascik-Remisiewicz et al., 2011). A syner-
gistic effect between copper and a mixture of PAHs has
been reported, which adversely affected the development
of kelp species (Espinoza-Gonzalez et al., 2021). It is be-
lieved that the effect of PAHs on membrane integrity influ-
ences permeability to metals, and that metals inhibit the
detoxification of PAHs (and vice-versa), therefore resulting
in increased toxicity upon combined exposure in aquatic
systems (Gauthier et al., 2014). However, the combined ac-
tion of PAHs and metals can depend on the concentrations,
as the effects of cadmium and phenanthrene switches
from synergism to antagonism with increasing concentra-
tions (Zhu, Lu & Chen, 2008). Therefore, further research
is required to understand how the contaminants present

in scrubber interact to affect their toxicity on the marine
environment.

Overall, our results have given reason for concern re-
garding the discharge of scrubber water due to the poten-
tial detrimental impacts to the Tetraselmis species tested.
As previously mentioned, this algae species was used as it
is widely distributed and it not only plays its own important
ecological role, but also represents the role of a multitude
of other algal species. In the same manner, invertebrate
larvae together with algae species form the basis of a food
chain/web, occupying the position of producer. This role
makes them immensely important as they act as a food
source to numerous aquatic organisms, which in turn are
eaten by larger organisms further up the food chain. We
have identified the toxic potential of a handful of compo-
nents of scrubber water discharge resulting in increased
mortality of the test algae species and abnormal develop-
ment of blue mussel larvae. On a larger scale, such as the
increasing use and associated washwater discharge of
scrubbers worldwide, these observations have the potential
to massively impact marine food webs and subsequently
marine ecosystems. Even at low concentrations, the dis-
charge of scrubber wash water has the potential to effect
marine organisms via the processes of bioaccumulation
and biomagnification. The results report a lower mortality
rate at lower PAH concentrations, however the hydropho-
bic character and low biodegradability of PAHs cause ac-
cumulation in organisms beyond their concentration levels
within the environment (Van der Oost, et al., 1988). Those
algae which don't die at low PAH concentrations still have
the potential to absorb or take up the toxic PAHs, meaning,
if consumed in large volumes, PAHs can accumulate with-
in higher consumers (Alexander, 1999) and transfer these
pollutants through the food chain.

The concentrations T. suecica were exposed to in this
study represent the PAH levels found in scrubber efflu-
ent from a single ship. However, marine organisms will
be exposed to scrubber discharge from multiple ships,
as their installations increase. One study found that 30
scrubber-equipped ships emitted approximately 35 mil-
lion tonnes of scrubber water in one year, which was set
to increase to 47 million tonnes as a result of the introduc-
tion of the global sulphur cap (Comer, Georgeff & Osipova,
2020). Furthermore, coastal regions often already have
higher background concentrations of pollutants, as they
are susceptible to larger inputs of PAHs from other sourc-
es, including atmospheric deposition, direct spillage of
petroleum from vessels and industrial emissions (Wolska
et al.,, 2012; Cerezo & Agusti, 2015). The drastic rise in the
application of scrubber technology on marine vessels may
result in the increased accumulation of contaminants to al-
ready polluted areas, which in the long term may see PAHSs,
and other pollutants, reaching toxic concentrations (Kjgl-
holt et al., 2012; Ytreberg et al., 2019). Additionally, coast-
al marine environments are home to some of the greatest
biodiversity and ecologically protected areas, which can
be highly sensitive to chemical stress (Thor et al., 2021).
Therefore the increase in substances such as metals and
PAHSs, from scrubber effluent, will likely have an adverse
effect on these sensitive species and habitats (Lange &
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Markus, 2015). Therefore, as a result of a combination of
these factors, scrubber water may present a greater threat
than this study initially suggests, and its effects on the ma-
rine environment should not be dismissed.

Although this study provides valuable insight into the
potential effects of scrubber effluent, further experimenta-
tion is required to gain a better understanding of scrubber
water toxicity. Additional studies should investigate the in-
teraction between multiple pollutants identified in scrubber
water, as mentioned above, due to their combined action
having the potential to be more toxic than the exposure
to single pollutants. Furthermore, the effects of the com-
ponents of scrubber water, and their mixtures, need to be
tested on more sensitive species.

More sensitive techniques are proposed using marine
microalgae species such as flow cytometry to determine
cell density, changes in cell size, formation of ROS, Mito-
chondrial membrane potential, and changes in DNA con-
tent. Additional experiments exposing blue mussel and
sea urchin larvae to scrubber water will be carry out. This
includes more experiments to confirm EC,, fertilization
success, and reduce the range of scrubber water concen-
trations to clarify the effects obtained below 0.94%.

5. CONCLUSIONS AND RECOMMENDATIONS

Wastes from shipping may be very damaging at local,
regional, and global scales, particularly in terms of impacts
on climate change and biodiversity. The use of both closed-
and open-loop scrubbers on marine vessels is increasing
rapidly, resulting in the discharge of large volumes of po-
tentially toxic scrubber water into the marine environment.
This study has successfully evaluated the cumulative and
interactive effects of multiple pollutants in scrubber wash-
water to provide a more comprehensive understanding of
its true impact on aquatic ecosystems. We assessed the
toxicity of a small proportion of PAHs found within scrub-
ber water, which as a group, constitute an even smaller
proportion of the total number of pollutants found within
scrubber water. Selected metals were tested in conjunction
with PAHs to understand the potential environmental im-
pacts on key organisms. The characteristics of discharged
water, such as its pH and temperature, further complicate
the combined effects of chemicals, and thus the full scrub-
ber water toxicity. Despite only testing a very small pro-
portion of the chemicals found within scrubber water, this
study has demonstrated increased algal mortality rates
when exposed to concentrated scrubber water, PAHs in
combination (and more so than when exposed to individ-
ual PAHs) and selected shipping-related metals. Blue mus-
sel larvae were highly sensitive to scrubber water showing
effects on development. This raises concern over the im-
pacts scrubber water may have on the marine environment
both now and in the future as the installation of scrubbers
to vessels continues to increase. If scrubbers continue to
be considered an effective and preferred method to meet
emission restrictions, then the need for significant invest-
ment in technological advances, improved monitoring pro-
tocols, and evidence-based regulations on scrubber water
discharge limits and restrictions is extremely urgent to pre-

vent further potentially irreversible damage to the marine
environment.
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ABSTRACT

The objective of our paper is to scrutinize the ongoing dynamics surrounding waste
and climate policies within the federal democracies of Brazil and Canada. Our re-
search design is guided by four primary inquiries. Firstly, we look at the integration
of the circular economy concept within waste and climate policies. Secondly, we
explore the extent to which concerns regarding solid waste are assimilated into cli-
mate mitigation and adaptation strategies. Thirdly, we assess the degree to which
social inclusion is upheld as foundational principle within climate and waste pol-
icies. Lastly, we investigate the governance practices that have been put in place
to promote effective intergovernmental and state-society cooperations. Initially, we
illuminate the commonalities and disparities between Brazilian and Canadian fed-
eralism, emphasizing the challenges of policy coordination—a critical prerequisite
for a smooth integration and successful execution of solid waste and climate policy
initiatives. In the core section of our paper, we adopt a comparative lens to analyze
both policy domains, focusing on (a) institutional frameworks, competencies, and
the characteristics of the policy-making processes in each country; (b) legislative
measures, programs, plans, and policy instruments to elucidate the policy fields and
the linkages between them. We conclude our paper by juxtaposing the experienc-
es of both countries and suggesting potential ways for mutual learning to improve
federal democratic responses in tackling these complex and interlinked challenges.

1. INTRODUCTION

Establishing links between solid waste management
(SWM) and climate policy does not seem obvious at first
glance, yet they are intrinsically related. In the most recent
IPCC reports, SWM is mentioned as important within urban
services and connected to infrastructure. While recognized
as a “short-term adaptation option” (IPCC, 2022, p. 46 (ch.
15)), waste management does not receive sufficient atten-
tion as a long-term structural requirement within climate
policy. On local and regional scales, lacking waste collec-
tion, improper disposal practices, and unsuitable facility lo-
cations have negative effects both on the environment and
the climate. Globally solid waste plays a significant role in
exacerbating climate change, to a large extend linked to
the greenhouse gas emissions from the organic fraction
in waste dumps and landfills (Kaza et al., 2018) as well as
from the plastic content in incinerartion.

According to Yang et al. (2023), the circular economy
focuses mainly on conserving resources and optimizing

the energy and material cycles across various levels: at
the micro-level, involving enterprises and consumers; at
the meso level, where economic agents collaborate sym-
biotically; and at the macro-level, encompassing cities, re-
gions, and governments. They consider that the increase in
solid waste and the worsening of the climate crisis is due
to global industrialization and excessive dependence on
non-renewable energy sources. The authors assume that
by promoting the circular economy, carbon emissions can
be reduced by 45% by 2030 and carbon neutrality can be
achieved by 2050. They analyzed circular economy strat-
egies focusing on waste management, climate change,
energy, air and water quality, land use, industry, food pro-
duction, life cycle assessment and economic routes and
noted that increasing the use of bio-based materials is a
challenge in terms of land use and land cover. They pointed
out that carbon removal technologies are still not econom-
ically viable and conclude that although circular economy
strategies can be implemented in various sectors, such as
industry, waste, energy, buildings and transport, life cycle
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assessments are necessary to optimize new systems. Oth-
er studies suggest that integrating waste management into
future smart cities with complete product life cycles could
be a potential step towards achieving “zero waste” (Lee et
al., 2021) and to achieve this goal, three steps must be tak-
en: waste prevention, accurate waste collection and recov-
ery of the functional value of the collected waste (Yang et
al., 2023). Fang et al., (2023) conclude that using Artificial
Intelligence (Al) in waste logistics can reduce transporta-
tion distance by up to 36.8%, cost savings by up to 13.35%,
and time savings by up to 28.22%. Furthermore, Al would
also allow for identifying and sorting waste with high accu-
racy, ranging from 72.8 to 99.95% (Fang et al. 2023). The
conditions for effective waste management are particular-
ly precarious “in cities of the global South where the capac-
ity to tax or charge for services is limited, waste is often an
unmanaged and unregulated environmental blight, and its
management is often a physical manifestation of political
and social challenges of urban governance and urban ser-
vice delivery” (Myers, 2014, p. 448).

In the global debate, policy initiatives such as the
promotion of zero waste and circular economy through
reverse logistics incentives, and the strengthening of the
bioeconomy are some of the strategies which presumably
could make an important contribution to the necessary
transition to a sustainable and resource-efficient economy
(Cosenza et al., 2020; UNEP/UN-Habitat, 2021). Yet, the
Circularity Gap Report 2019 finds that just 9% of the 92.8
billion tonnes of minerals, fossil fuels, metals, and biomass
that enter the economy are in fact re-used annually (Circle
Economy, 2019).

Material use and climate change are closely linked.
Waste accounts for 3-5% of global greenhouse gas emis-
sions (GGE) and is the third source of methane emissions,
after natural wetlands and agriculture. CO2 is responsible
for 74.4% of GGE while methane is the second most po-
tent greenhouse gas, accounting for 17.6% of global emis-
sions (IPCC, 2014). Yet, most of the global GGE (62%) are
released during the extraction, processing and production
phases (Circle Economy, 2019). Wilson, Filho and Ramola
(2023) point out that calculations by the International Solid
Waste Association (ISWA) suggest that better waste and
resource management could mitigate 15% to 25% of global
GGE and should therefore be included in the Nationally De-
termined Contributions (NDCs) of all countries.

Nevertheless, frequently, SWM is still confused with
waste disposal and recycling at the local level, whereas
Solid Waste Policies (SWP) should be considered part
of an overall strategy of “transformational, systems-level
change” (Anthony, 2022, p. 7), “building net zero, circu-
lar, resilient, inclusive and just cities” (UNEP/UN-Habitat,
2021, p. 39). We anticipate at least four approaches that
go beyond technical strategies for improving systems and
involve enforcement through climate and solid waste poli-
cies and their interfaces:

1. Divert materials from the waste stream into a circu-
lar system, engaging citizens and various production
chains.

2. Integrate solid waste concerns into mitigation and ad-

aptation strategies within climate policy.

3. Foster fair and inclusive income opportunities in waste
management, particularly for socially disadvantaged
groups.

4. Ensure cooperation among different governmental lev-
els, specifically related to environmental sanitation and
climate change.

In our paper we examine ongoing experiences with
waste and climate policies in the federal democracies of
Brazil and Canada with focus on these four approaches.
To achieve this goal, we conducted a literature search on
relevant policy texts, analysing them for key categories and
themes and comparing them across the two countries. Our
paper is structured as follows. After introducing our meth-
odology, we address the nexus between the management
of solid waste and its contribution to global warming. Then
we point out some commonalities and differences be-
tween Brazilian and Canadian federalism with a focus on
the challenges of policy coordination, a crucial requirement
for the integration of SWP and climate policy, and its suc-
cessful implementation. In the main part of the paper, we
look at both policy fields from a comparative perspective,
highlighting (a) institutions, competencies, and the char-
acteristics of the policy-making process in both countries;
(b) legislation, programs, plans, and policy instruments, to
elucidate the policy fields and the linkages between them.
We conclude the paper comparing the experiences of both
countries and highlighting possible mutual learning oportu-
nities for federal democratic action to deal with such wick-
ed problems.

2. RESEARCH METHOD

Data gathering for this research involved an online
search for relevant legislation, programs, plans, and policy
instruments as well as documents that describe the insti-
tutions, their competencies and the characteristics of the
policy-making process in both countries. We consulted
government websites, specialized policy databases and
academic databases (Web of Science, Scopus). After sift-
ing through the literature encountered, we applied thematic
analysis: identifying, analyzing, and reporting relevant pat-
terns or themes within our data that speak to our research
question. We manually identified key categories revealing
descriptive, interpretive and conceptual information of the
data relevant to our research question. These categories
were then organized into emerging themes across our set
of texts to allow for comparison. Reading through the texts
supported the review and refinement of these themes to
ensure we accurately represent the identified codes and
the overall data set. Our data analysis was an iterative
process with constant comparison, whereby new data
was compared to the existing categories. In this research
phase we synthesized the findings in a spreadsheet, which
helped visualize and organize the information (see Annex).
We then explored the relationships, themes, and patterns
that had emerged from the comparative analysis (Bauer &
Gaskell, 2000).
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3. THE NEXUS BETWEEN WASTE AND CLI-
MATE CHANGE

In many ways solid waste is one of the drivers for cli-
mate change; some aspects are already well known while
others are less obvious or hidden and happen even before
something is discarded. As with every material, before be-
coming a consumer object, resources have to be extracted
and transported to industrial plants where they are trans-
formed into the ingredients for manufacturing the final
product, which then is transported to close and far retailers
and consumers, generating emissions and waste with all
its climate impacts along the chain (Pollans, 2021). These
extraction and production processes involve the use of
energy, affecting natural environments by contaminating
soil, water, and air and generating GGE, leaving behind con-
taminated trails of what Lepawsky (2022) calls “discard-
scapes”.

For example, oil is the primary ingredient necessary to
produce the polymers required to make plastics and during
its extraction waste is generated, environmental impacts
occur and greenhouse gases are emitted. The extraction
and processing/refining of oil and gas consumes large
volumes of water, produces wastewater and contaminates
surface and groundwater with benzene, methane, radiation
and other chemicals, clearly affecting the environment and
climate. Long-term pollution and habitat destruction affect
wildlife, biodiversity and consequently also reduce ecosys-
tem services, thereby avoiding their mitigating effects on
climate change (Finer et al., 2008).

The case highlights possible hidden climate impacts
not considered in the debate that links waste to climate
change, generally limited to analysing different waste man-
agement options, including recycling, composting, landfill-
ing, incineration (Kaza et al., 2018), or strategies less well
reported such as open burning and waste export.

While recycling is presented as the basic solution to our
waste problem, it is not exempt from GGE. The main source
of greenhouse emissions linked to the recycling of materi-
als like plastic and metal is the usage of energy (Astrup,
Fruergaard, & Christensen, 2009a; Damgaard et al., 2009).
Direct emissions refer to activities and processes that
take place on-site at the Material Recovery Facility (MRF),
whereas indirect emissions refer to the processes and ac-
tivities that are affected by the operations at the MRF up-
stream and downstream (Damgaard et al., 2009).

Incineration as waste disposal strategy is portrayed as
consistent with the circular economy idea based on energy
recovery (Di Foggia & Beccarello, 2021; Kaza et al., 2018;
Lausselet et al., 2017; Malinauskaite et al., 2017). How-
ever, due to high contents of fossil energy in municipal
solid waste (plastics, synthetic textiles, synthetic rubber,
etc.) waste-to-energy is regarded as a mostly fossil energy
source, thus a source of GGE (Zero Waste Europe, 2020).

Astrup, Mgller & Fruergaard (2009) posit that inciner-
ation is characterized by the almost total oxidation of or-
ganic materials to CO2 and that it is possible that some
waste components are not going to be completely ox-
idized and may end up being released as CO2 and other
hydrocarbons. Furthermore, nitrous oxides (N20) may be

released, depending on the flue gas cleaning system of
the incinerator (Chen & Lo, 2016). In comparison, Chen
and Lo (2016) show that landfill sites generate fewer GGE
than waste-to-energy facilities. According to Yifei Ma et al.
(2024), incineration has become the largest source of GGE
from the waste sector in China, with plastic representing
the largest impact.

A particularly powerful greenhouse gas is methane
(CH4). Despite its brief atmospheric lifetime, methane has
a global warming potential (GWP) of 72 over 20 years and
25 over 100 years, where a GWP of 72 means that 1 ton
of methane released today is equivalent to 72 tons of CO2
(O’Neill, 2019). GGE are measured throughout a product’s
manufacturing and use, but they are also connected to the
techniques used to handle waste at the product’s end of
life (Braschel & Posch, 2013). Methane emissions from
landfills have historically been the main source of GGE in
the waste sector with a contribution rate ranging from 69%
to 95% (Bogner et al., 2008).

Open burning of waste, which is common in low-income
countries, is a low-temperature combustion method that
emits large levels of contaminants, especially black carbon,
a by-product of incomplete combustion, which also has an
adverse effect on the environment (Reyna-Bensusan et al.,
2018). Overall, we know that methane, carbon dioxide, ni-
trous oxide, and black carbon are some of the greenhouse
gases connected to solid waste (UNEP/ISWA, 2015).

The waste-energy-climate nexus that becomes evi-
dent in waste policy, reveals, on the one hand, the asso-
ciated technical and systemic complexity and, thus, the
need for extending technical-scientific knowledge, but,
at the same time, the strong economic vested interests
that exert pressure on political decision-makers. There-
fore, there is a need for strong governmental regulatory
capacity to provide incentives and ensure a CO2-reduced
and climate-mitigating waste policy, and to establish clear
responsibilities between the national, state, and municipal
governments.

4. BRAZILIAN AND CANADIAN FEDERAL-
ISM: COMMONALITIES AND DIFFERENCES

It seems reasonable to assume that the state’s capac-
ity to act and to respond to challenges like environmental
and climate crises is dependent on the effectiveness of
the general political order. Particularly in federal states, it
is the division of power between the constituent units, the
rules and institutional arrangements that shape the feder-
al dynamics (Benz & Broschek, 2003). In view of climate
change, the degree of cooperative behaviour is considered
crucial for the effectiveness of climate policies (Jordaan
etal., 2019).

Brazil and Canada are both federal democracies with
different historical traditions, sharing the common chal-
lenge of how to simultaneously “maintain and generate
both unity and diversity” (Elazar, 1987, p. 64), which has
been a common necessity of both federations due to their
large territorial extension, their significant socioeconomic
heterogeneity and cultural diversity (Abrucio, 2005; Leder-
man, 1975). Considering the institutional framework is
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therefore crucial to understanding the different federal dy-
namics and governance patterns that manifest themselves
in the waste and climate policies of the two countries and
which are analysed comparatively in the next section.

In Brazil the country’s democratic Constitution from
1988 aimed to reconcile the restoration of local autonomy
— in order to guarantee diversity and favour citizen partic-
ipation — with the promotion of greater territorial equity
through federal authority — in order to maintain unity and
ensure national governability (Abrucio, 2005; Souza, 2019;
Watts, 2006). Municipalities even gained the status of fed-
erative entities. Since the 1990s, the federal government
has increasingly taken the lead in shaping public policy
within the framework of shared public responsibilities. Na-
tional public policy systems were created, encouraging lo-
cal authorities to adapt to the federal policies, particularly
through financial incentives, which has contributed sig-
nificantly to improving public policy indicators (Arretche,
2012). In their evaluation of Brazilian federalism, Souza
and Fontanelli (2021, p. 139) conclude optimistically that
“the design of Brazilian federalism contemplates institu-
tional instruments capable of managing the tensions and
dilemmas of the federation”.

However, it is important to recognize that under Jair
Bolsonaro’s right-wing government (2019-2022), intergov-
ernmental relations have deteriorated sharply, leading to
a general decline of democratic practices (Avritzer et al.,
2021), and, specifically, the dismantling of environmental
policy (Hochstetler, 20213, 2021b). The first months of the
government of Luiz Indcio Lula da Silva, though indicate
important attempts to re-establish the former cooperative
practice of governance, in the form of a kind of “executive
federalism” with the president seeking to reassume direct
dialogue with state governors and mayors in order to pacify
the previous tense intergovernmental relations.

In Canada, the functioning of the institutional political
order laid down in the 1982 Constitution has also been des-
ignated as “executive federalism”, defined as “the process-
es of intergovernmental negotiation that are dominated
by the executives of the different governments within the
federal system” (Watts 1989, quoted in Howlett & Migone
(2019, pp. 64-65)).

It is the strong federal executive, sometimes even re-
ferred to as “an elected dictatorship” (Sayers & Banfield,
2013, p. 186), which should ensure the executive control
of the political agenda. However, despite the institutionally
strong position of the federal government, it has proved un-
able to unify the institutional-political practices and public
policy-making. Different views on how a federation should
work make it extremely difficult to come to a more consen-
sual, consolidated decision-making and implementation
process of public policies (Schertzer, 2020).

The “lack of jurisdictional clarity” (Schertzer, 2020, p.
165) in a country marked by extreme societal diversity con-
tributes to what Howlett and Migone named “institutional-
ised ambivalence’' — meaning a system in which political
institutions in the country often make it difficult to clarify
and achieve objectives, leading in turn to ‘ambivalent’ pol-
icies with often unclear impacts and effects” (Howlett &
Migone, 2019, p. 142).

Hence, as highlighted by Cameron and Simeon (2002),
Canadian federalism has undergone important variations
concerning intergovernmental changes. In the last two
decades, “oscillations between collaborative and conflict-
ual relations in very short spans of time” (Schertzer, 2020,
p. 175) has been observed, influenced by the specific polit-
ical style of each Prime Minister, as well as by the general
political configurations.

The following section analyses and discusses how
these specific institutional conditions and governance
practices have shaped waste and climate policies in the
two federations.

5. SOLID WASTE AND CLIMATE-RELATED
POLICIES AND LEGISLATION SPECIFIC TO
BRAZIL AND CANADA

This section centres on the data found on the current
policy and legal approaches to climate change and waste
management in both countries. The focus will be primar-
ily on federal and overarching jurisdictions. The following
table (Table 1) provides a brief overview of the constitu-
tional authorities and regulations related to solid waste in
Brazil and Canada. A more detailed presentation with the
description of these policies can be found in the attached
Appendix.

5.1 Waste and Climate Policies and Plans in Brazil

In Brazil, the National Policy of Climate Change (PNMC),
Federal Law 12.187 from 2009, and of Solid Waste (PNRS),
Federal Law 12.305 from 2010 (Brasil, 2009; 2010a) and
their respective regulatory decrees (Brasil, 2018; 2022a)
and National Plans (Brasil, 2016; MMA, 2022) are in force.

In 2021 Brazil would rank fifth among the eight largest
greenhouse gas emitters in the world (UNEP, 2022). It was
estimated that from all land use sectors the Forestry rep-
resented 49%, Agriculture and Livestock 25%, Energy 18%,
Industrial Processes and use of products 4% and Waste
also 4% of the country’s emissions (Observatério do Clima,
2023) Methane gas accounts for about 97% of emissions
from the waste sector. Of the total, the main contribution
is associated with the disposal of solid waste in controlled
landfills, dumps and sanitary landfills (64.1%), followed by
the treatment of domestic liquid effluents (28%), treatment
of industrial liquid effluents (6.1%), incineration or open
burning (1.7%) and, with a smaller contribution, biological
treatment through composting (<1%). The impact of organ-
ic waste in dumpsites and landfills stands out for the emis-
sion of greenhouse gases, especially methane (O’Neill,
2019). In the country, about 45.3% of the waste collected is
composed of food scraps and green waste (MMA, 2022).

Signatory of the United Nations Framework Convention
on Climate Change (UNFCCC), Brazil has committed to
regularly submit its National Communications every four
years, including the National Inventories of GGE. Updates
of the Nationally Determined Contribution (NDC) in 2022,
confirm its commitment to reduce GGE in 2025 by 37%,
and in 2030 by 50%, compared with 2005, and to achieve
climate neutrality by 2050 (Brazil, 2022). Yet, the NDC does
not give specific actions for the waste sector.
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TABLE 1: Institutional arrangements and policies for solid waste management in Brazil and Canada (source: compiled by the authors from

multiple official online sources).

Federal Level Brazil

Canada

Constitution Brazilian Constitution (1988)

Canadian Constitution Acts (1867 to 1982)

Policies

14.026/2020)

Federal Law on Solid Waste (Law N° 12.305/2010)
Federal Law on Basic Sanitation (Law N° 11.445/2007)
New Federal Law on Basic Sanitation (Law N°

Canadian Environmental Protection Act — CEPA
National Parks Act (Garbage Regulations)

Indian Act (Reserve Waste Disposal Regulations)
Sanitary Landfilling Guidelines for Federal Agencies

Major agencies & institutions
Ministry of Cities

Resources (IBAMA)

Ministry of the Environment and Climate Change
Brazilian Institute of Environment and Renewable Natural

National Environment Council (CONAMA)

Canadian Council of Ministers of the Environment (CCME) .
Environment and Climate Change Canada (ECCC)

Key instruments
10,936/2021)

National Sanitation Plan (PLANSAB)
Sector Agreements

National Solid Waste Plan (Decree N° 11,043/2022)
National Program of Reverse Logistics (Decree N°

National Solid Waste Management Information System

Canadian Environmental Protection Act (CEPA)
National Packaging Protocol (1989)
Single-Use Plastics Prohibition Regulations (2022)

State/Provincial Brazil

Canada

Constitution

National Constitution (Art. N° 23), State constitutions
Specific laws approved by the state legislative assemblies

Provincial amendments to the National Constitution

Key policies State solid waste policy

Solid Waste plans

Environmental statutes
Provincial recycling regulations
Provincial deposit refund systems

Major agencies & institutions
State environmental councils

State agencies for environmental protection and control

Ministry or Department of Environment

Key instruments State solid waste plans

Provincial solid waste management programs

Municipal Brazil

Canada

Organic Law
laws (local constitutions)

As federative unities municipalities have their own organic

Federation of Canadian Municipalities (FCM)

Key policies Municipal basic sanitation law

Municipal solid waste policies

Shared constitutional authority

Major agencies & Institutions
Municipal Environment Council

Municipal agencies for environmental policy / control

Local departments or agencies overseen by ECCC

Key instruments Municipal Sanitation Plan

Municipal Environmental Fund

Municipal/Intermunicipal Solid Waste Plan

Specific regulation, legislations and bylaws
Extended Producer Responsibility Programs (EPR)
Waste Diversion Programs

The PNMC created the Brazilian Forum on Climate
Change and respective governance structure (Brasil,
2009). The Forum was initially very active, but lost space
and relevance during Bolsonaro’s term in office, which was
accompanied by a general dismantling of the environmen-
tal and climate policy (Hochstetler, 2021a).

With regard to the national inventories, the IPCC (2019)
found that these do not effectively reflect the contribution
of the waste sector to GGE mitigation. If the recycling and
energy recovery potential were included as a contribution
of the waste sector, its potential contribution would reach
up to 20% of total GGE (Brasil, 2021). At the interface be-
tween PNMC and PNRS, in 2011, the Action Plan for Sus-
tainable Production and Consumption was developed by
the Ministry of Environment, whose implementation could
significantly contribute to reduce emissions from waste
and leverage the circular economy, but was discontinued
by the Bolsonaro government.

It is up to all spheres in Brazil, to establish public poli-
cies, norms and guidelines related to waste management.
The state sphere is responsible, besides the formulation
of policies and norms, for the inspection and monitoring
of municipal and private treatment and final disposal sys-
tems. The attribution of the waste management system,

collection, treatment and final disposal of waste is mu-
nicipal. Federal conflicts have arisen as in the case of the
ban of the use of plastic bags in supermarkets, adopted
in some cities of the country and contested in court, with
the ruling that, in matters of concurrent legislation, the mu-
nicipalities have broad power to regulate local systems on
issues not regulated by federal or state law.

Unlike the PNMC, the PNRS does not have a govern-
ance system at the federal level (TCU, 2016) and relegates
the development of state and local plans to the States and
Municipalities. Yet, the PNRS establishes several principles
to guide waste management in Brazil.

First, it defines a hierarchy from non-generation, reduc-
tion, reuse, recycling, waste treatment to environmentally
appropriate final disposal for all types of waste.

Secondly, it stipulated that open dumping of waste
must end by 2014 - a goal which is not yet achieved.
Consequently, the Federal Law on Basic Sanitation No.
14.026/2020 had to establish a new deadline depending on
the characteristics and size of the municipalities, between
2020 to 2024 (Brasil, 2020).

A third principle relates to the shared responsibility for
the product life cycle of producers, importers, distributors
and retailers, consumers, as well as providers of public
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services for urban cleaning and solid waste management
(Brasil, 2010). The tasks include the collection of products
and residual waste after use and their subsequent environ-
mentally sound final destination and the obligation to struc-
ture and implement reverse logistics systems through the
return of products after use by the consumer. The aim is
to reach sectoral agreements for different types of waste.
However, the Federal Court of Accounts (TCU) warned in its
report that shared responsibility fails to specify the parties
accountable for the stages of the product life cycle related
to environmentally appropriate disposal, without specify-
ing the allocation of costs for each stage (TCU, 2016).

The fourth principle prioritizes contracting waste picker
organizations for municipal recycling programs and facili-
tating reverse logistics for the private sector (Brasil, 2010).
This involves a large number of waste pickers who work
independently or organized as associations, cooperatives
and networks (Gutberlet et al., 2020; Pisano et al., 2022).
Brazil is a pioneer in the development of organized recy-
cling and has inspired many other countries to provide op-
portunities for the generation of better working conditions
for informal waste pickers (Besen & Fracalanza, 2016;
Nogueira Zon et al., 2020).

A decree issued by President Bolsonaro’'s government
(MMA, 2022), in 2022, integrates the PNRS into the Nation-
al Environmental Policy, with the National Basic Sanitation
Policy, however, without mentioning the National Climate
Policy. The Decree launches the National Reverse Logistics
Program, which is of great interest to the business sector
and opens doors to regulating the incineration of municipal
waste in the country. This action, however, contradicts the
waste management model advocated by the civil society,
which is based on participatory waste management and in
which waste pickers play a pivotal role.

5.2 Waste and Climate Policies and Plans in Canada

In Canada, the provinces have constitutional authority
to deal with most activities relating to solid waste. Federal
authority extends primarily to federal lands, federal facil-
ities, and ‘Indian lands’ (lands reserved for First Nations
peoples under treaties, agreements, or other legal means).
The Canadian Council of Ministers of the Environment
(CCME) has produced guidelines on a variety of subjects
related to municipal and hazardous wastes, including com-
posting; waste incineration, alternative fuels for cement
kilns; and lubricant recycling.

Climate change is already severely impacting Cana-
da in many different and complex ways. The country has
warmed up by around twice the rate of the rest of the world,
and some communities have already suffered substantial
harm from this phenomenon (Greaves, 2021).

While the oil and gas (26%) as well as the transportation
sector (25%) continue to be Canada’s largest sectoral GGE
sources, the waste sector (4%) should not be overlooked
as direct contributor (Government Canada, 2020). Several
stepsto combat climate change by addressing waste gener-
ation have been initiated, besides reducing GGE and assist-
ing communities to adapt to their effects. (Guo et al., 2022).

In Canada, primarily municipalities handle solid waste
generated by households, businesses and institutions.

Cities also manage landfill operations, waste collection,
sorting and composting facilities. Local governments can
lead environmental efforts by involving households and
businesses in reducing waste and greenhouse gas emis-
sions. They can also create low-emission energy sources
and utilize resources from organic waste and biosolids to
enhance sustainability. Landfills are the most widespread
disposal form in Canada and regulations frequently call for
landfill covers and landfill gas collection.

As a result of the relative municipal autonomy in pol-
icy implementation, the outcomes can be uneven and as
a negative result, emissions have not decreased in most
parts of the country for over a decade (Government Cana-
da, 2020). Municipalities are bound to existing hierarchies
in jurisdiction which can become a hurdle for progressive
governments. For example, in 2018 the city of Victoria pro-
duced a bylaw to ban plastic bags. This bylaw was chal-
lenged by the Canadian Plastic Bag Association and the fi-
nal ruling of the Supreme Court of Canada established that
Victoria had exceeded its legal authority by implementing
the ban without provincial approval.

Created in 1971, the Ministry of Environment and Cli-
mate Change Canada (ECCC) is responsible for coordinat-
ing environmental policies and programs, as well as pre-
serving and enhancing Canada’s natural environment and
renewable resources. With the Canadian Environmental
Protection Act (CEPA), from 1999, a consistent set of en-
vironmental protection standards have been set in place
throughout the country.

The country’s recent Climate Plan elaborated by ECCC
(2022) points to: 1) Landfill methane regulations, 2) Food
waste reduction and 3) Investments in waste and recycling
infrastructure, as measures to reduce GGE. Landfill meth-
ane is generated as a result of decades of landfilling of bi-
odegradable waste which still makes up more than 60% of
the waste generated by households in Canada. It is most
concerning that Canada wastes more than half of its food
supply, most of which could be avoided, but instead releas-
es large quantities of methane (ECCC, 2019). To address
this challenge, the Government of Canada has launched in
2020, the first national plan to reduce food waste.

Canada'’s experiences with GGE reduction in the waste
sector concentrate on capturing methane from landfills
and directing food waste away from landfills. Nevertheless,
a study by Williams et al. (2022) asserts that after Canada
implemented its waste management rules through CEPA,
GGE are being monitored in engineered and managed ac-
tive landfill sites, but not in historic landfills, like those in
Montreal and many other cities. These environmental pas-
sives are not part of current policies.

Plastic waste is also considered one of the key chal-
lenges for the country. Only 9% of the approximately three
million tons of plastics discarded in Canada in 2016 was
recycled (ECCC, 2019). In 2018, the federal, provincial, and
territorial governments approved a Canada-wide Strat-
egy on Zero Plastic Waste (Government Canada, 2020)
and endorsed two aspirational waste reduction goals: to
decrease waste by 30% by 2030, and up to 50% by 2040.
Furthermore, the Single-use Plastics Prohibition Regulation
(ECCC, 2023) in force prohibits the manufacture, import
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and sale of specific single-use plastic items (e.g., check-
out bags, cutlery, foodservice ware, ring carriers, stir sticks,
straws). To achieve zero plastic waste, the Government
has committed to innovation and investment, including in
the design and construction of recycling facilities, the de-
velopment of new recovery technologies, remanufacturing
processes, and product delivery, reuse and repair systems,
through Canada’s Plastics Science Agenda.

Since 2021, the Government of Canada is preventing
exports of plastic waste to countries that have established
import restrictions (such as China) and taking steps to im-
plement new controls under the Basel Convention. Howev-
er, Canada continues to export plastic waste, shipping it il-
legally to the U.S. with unknown fate, but also to non-OECD
countries in Asia, Central and South America (CBC, 2022,
Basel Action Network, 2023; Stahli et al., 2023).

Canada is now developing a Federal Greenhouse Gas
Offset System under the Greenhouse Gas Pollution Pricing
Act (GGPPA), by adding a charge on fuels and by encourag-
ing voluntary project activities to reduce GGE (e.g., captur-
ing landfill methane) or to remove greenhouse gases from
the atmosphere, translating them to “offset credits” (ECCC,
2022). In contrast, the provinces and territories in consul-
tation with Indigenous peoples, developed a Pan-Canadian
plan to act on climate change, primarily through technolo-
gy development.

Canada’s Clean Air and Climate Change Act gives no
specific attention to waste-related air pollution, generated
by solid waste incineration. The Regulatory Framework for
Air Emissions even provides an extension of the 2020 ex-
isting tax incentive for waste-to-energy.

The 2030 Emissions Reduction Plan (ECCC, 2022) is
an ambitious and achievable roadmap that outlines a sec-
tor-by-sector path for Canada to reach its emissions reduc-
tion target of 40% below 2005 levels by 2030 and net-ze-
ro emissions by 2050. Yet, a growing body of evidence is
pointing to waste prevention, reuse, and recycling as key
sources of untapped potential for GGE reductions. Count-
less local initiatives, found throughout the country, value
discardable materials and products through community
recycling centres, free stores, repair cafes, zero waste in-
itiatives and projects that appreciate lifestyle and value
change (Lee & Khan, 2020). In 2021, ECCC launched a pub-
lic engagement process for the 2030 Emissions Reduction
Plan (ERP) to seek submissions from interested persons,
communities and organizations. The Canadian public’'s
main concerns are about waste reduction, and proper
waste management/disposal, specifically endorsing cir-
cular economy approaches to achieve net-zero, including
generating less waste and changing consumption habits.

6. COMPETENCES, LEGISLATION, POLI-
CIES, INSTRUMENTS AND EXPERIENCES IN
WASTE AND CLIMATE POLICIES IN COM-
PARATIVE PERSPECTIVE

In the table in the Appendix the Canadian and Brazilian

constitutional and legal competences and regulations, the
main waste-related policies and competent governmental

institutions and agencies, as well as the main policy instru-
ments applied at the different government levels to handle
waste management are presented.

First, it is noticeable that in the Brazilian case the feder-
al constitution provides a special chapter for the protection
of the environment and obliges both government and com-
munity “to defend and preserve it for present and future
generations”, although there are no specific clues regard-
ing solid waste or climate change issues. In contrast, in the
case of Canada, there are no such provisions on environ-
mental matters at the constitutional level. The Canadian
Constitution is still based on the British North America Act
from 1867, having the country achieved its full sovereignty
only with the Constitution Act from 1982. While thus the
constitution is not exactly up to date, having suffered since
then only minor amendments, in Brazil the rupture with the
authoritarian regime has provided the opportunity for a
broad constitutional process with significant participation
of civil society and social movements. As a result, far-reach-
ing societal demands, e.g., environmental protection, were
introduced in the Constitution. Although there have been
no specific decisions by the Brazilian Supreme Court re-
garding waste management, it is worth noting that the
Constitution has proven a significant tool during the gov-
ernment of Jair Bolsonaro, to slow down the degradation
of environmental policies, obvious in the deforestation of
the Amazon, the mains source of CO2 emissions in Brazil.

In Canada, CEPA is also the most important law for
waste and climate-relevant policies. Several regulations re-
fer to waste management and the definition of basic waste
production related principles like the Extended Producer
Responsibility and Product Stewardship and provide guide-
lines for municipal and hazardous waste management. We
also find clues related to the importance and diffusion of
best practices in reducing pollution and GGE from waste
management.

In Brazil, in accordance with the attempts of providing
nationally valid framework legislations for each policy field,
“the principles, objectives, instruments, and guidelines re-
lated to the integrated management of solid waste” have
been determined by the 2010 Federal Law on Solid Waste
(N° 12.305/10), giving guidance to state and local govern-
ments of their responsibilities in the field.

A significant achievement lies in the recognition and
prioritization of reverse logistics practices. This includes
establishing shared responsibility among manufacturers,
importers, distributors, and traders, and placing a central
emphasis on nationally organized waste pickers associa-
tions. These efforts have been crucial in integrating social
considerations into national policy legislation.

Solid waste concerns also entered the federal law on
basic sanitation (N° 14.026/2020), amending the National
Solid Waste Policy, setting time-limits for the environmen-
tally adequate final disposal of waste and determining the
collection of fees and rates for solid waste services.

This overlap of legislation finds its correspondence in
the governmental and administrative division of responsi-
bilities, which are shared between the Ministry of the Envi-
ronment and Climate Change with the National Secretariat
of the Urban Environment and Environmental Quality being
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responsible for proposing policies, plans and strategies, as
well as coordinating, monitoring and evaluating the imple-
mentation of the National Solid Waste Policy; and the Min-
istry of Cities with its National Secretariat of Environmental
Sanitation providing for the elaboration of studies and pro-
jects related to solid waste.

As part of the framework legislation regarding the envi-
ronment - the National Environmental System (SISNAMA)
- the National Council of the Environment (CONAMA) is
a consultative and deliberative body, gathering representa-
tives from the government, the private sector and civil soci-
ety, responsible for establishing criteria for environmental
licensing and standards for the control and maintenance of
environmental quality.

During the Bolsonaro Government this forum of partici-
patory governance was ‘dried out’, reducing its composition
from 96 to 23 members, concentrating the decision-making
power in the government representatives and taking away
votes from civil society, a decision contested by the Federal
Supreme Court. In the current Lula government this Council
was reconstituted with now 114 members, reestablishing
the voice of civil society in environmental issues.

In Canada, the major institutional body is the Canadi-
an Council of Ministers of the Environment (CCME) as an
intergovernmental forum consisting of the 14 federal, pro-
vincial, and territorial ministers responsible in their states
for environmental concerns. Waste management and cli-
mate change are part of the agenda, however due to lack
of enforcement authority their recommendations are not
binding for the provinces. This shows the difficulties the
federal government has to unify public policymaking and
it highlights the dependence on voluntary agreements
to arrive at collective political strategies and practices.
Some agreements have been negotiated within the Waste
Management Committee of the CCME as for instance the
preparation of a common packaging policy for Canada.

Despite ECCC — Environment and Climate Change Can-
ada’s broad mandate, there is a lack of enforcement ca-
pacity on the part of the federal government. ECCC works
mainly with producing guidelines and recommendations.
Ultimately, the treatment of environmental issues hinges
on the decisions made by the Minister, who can subse-
quently be held accountable for those decisions.

In Brazil, there are national plans for waste and sani-
tation to complement and operationalize the correspond-
ing federal laws, specific programs (reverse logistics) and
information systems (National Solid Waste Management
Information System - SINIR) to support, coordinate and
conduct the waste policy in the federation. It is important
to note the sectoral agreements, which are contractual
acts, although their outcomes vary, as seen in the sectoral
agreement on packaging. For instance, the packaging de-
velopment paradigm prioritizes competitiveness over recy-
clability, which may impact the promised outcomes of the
agreement (Demajorovic & Massote, 2017).

At the subnational level, the institutional structure fol-
lows the regulations provided in the constitution and the
federal laws and policies, having their own environmental
regulating laws and plans. Even though the federal govern-
ment due to the local autonomy does not have the author-

ity to oblige municipalities to create their own Integrated
Solid Waste Management Plan and their own Basic San-
itation Plan, the municipalities can only apply for federal
resources in the case such plans already exist. Such kind
of conditionality is a very popular tool used by the Brazil-
ian government to make municipalities adopt the federal
policy (Arretche, 2012). They also used to have their own
Public Policy Council related to the environment allowing
for the participation of civil society in environmental policy,
dispose of a secretariat and — mostly — an environmental
agency to implement the policies, and an environmental
fund to support environmental initiatives and projects.

In Canada, by contrast, the subnational governments
dispose of the constitutional authority to conceive or
shape their own solid waste policies, favouring a greater
plurality in initiatives and programs. At the provincial level
there are Environmental Ministries and at provincial and
municipal level agencies responsible for environmental
control and climate change policies. It is also worth noting
the role of the city council with specific committees cre-
ated to tackle specific waste related issues and climate
actions and of community councils which can be activat-
ed to collaborate with specific waste related issues and
climate actions.

There are still other issues insufficiently addressed by
waste policy like the consumer and citizen side of waste
production and treatment. In view of the strong influence of
business on waste policy, there is a need for environmen-
tally aware citizens who increasingly base their consump-
tion decisions on ecologically and socially relevant criteria.
This strategy is insufficient to drive the necessary trans-
formative change. Therefore, the political role of citizens
and civil society needs to be strengthened by considering
social mobilization and political participation as central.
Politically conceived environmental education must there-
fore become an essential component of a comprehensive
approach to waste and climate policy, which is still severely
underexposed in the policy approaches examined.

It is the proximity between citizen and city hall that
favours the role of local governments in environmental
policy, especially waste policy. Whereas climate policy is
mainly driven by global governance, assimilated and adapt-
ed to the national context by national governments, to be
translated into regional and local strategies by subnational
governments, in waste policy, the pressure to act rests pri-
marily on local authorities, which must contend with the
effects of the externalities produced by households and
companies.

7. CONCLUSIONS

In this paper we worked out the commonalities and dif-
ferences of Brazil and Canada, two federal democracies,
in handling the challenge of integrated solid waste man-
agement in view of climate change. A true comparison of
public policy in contexts as different as Brazil and Canada
is a fundamental challenge given the different federal legal
systems, the different legacies of bureaucratic and political
action patterns in public policy making, the different stages
of social, economic and democratic development, and the
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different financial and technological resources available to
these two governments. Initially, we identified four funda-
mental challenges that need to be addressed in order to
achieve greater urban sustainability. Our assessment of
the Brazilian and Canadian experiences with waste and cli-
mate policy speaks to these challenges.

1.

We can say that in both countries the circular economy
concept has been incorporated — not always explicitly —
intothe normativeregulations of solid waste policy. How-
ever, several limitations have been identified, inter alia:
(i) Implementation deficits in the municipal systems of
selective collection. In both countries selective waste
collection for recycling is the responsibility of local gov-
ernments. In Brazil, the lack of policy capacities (Wu
et al., 2018) - technological, financial and political -,
poses a significant constraint, particularly for smaller
municipalities, hindering effective delivery of environ-
mental services (Frey et al., 2022); whereas in Canada
insufficient enforcement capacity at the federal level re-
sults in varied performance across subnational waste
management, by local governments;

(i) the inclusion of energy recovery from waste
(waste-to-energy) in the circular economy concept, de-
spite knowing of its climate impacts.

The debate around waste incineration shows that high-
ly influential business interests advocate for technical
remedies like waste-to-energy, sidelining more social-
ly and environmentally sustainable practices such as
waste reduction and recycling, which include the work
of waste pickers. Despite the existence of environmen-
tal movements in the global North, the economic-tech-
nological approach of ecological modernization or the
“gospel of eco-efficiency” (Martinez-Alier, J., 2002)
has always prevailed in environmental policy in highly
developed countries like Canada, in Brazil the hegem-
ony of this “Global North” approach has always been
challenged by the “environmentalism of the poor” or
environmental justice movement (ibid.; Guha, 2014).
For its part, however, the latter has come under increas-
ing pressure from the eco-efficiency approach fuelled
by neoliberalism to the detriment of socially and eco-
logically compatible approaches. As a result, local au-
thorities are increasingly resorting to supposedly more
efficient technological solutions such as waste incin-
eration, giving in to the pressure of powerful economic
interests.

(iii) the avoidance of getting to the root of the prob-
lem, namely curbing waste generation. This is a more
fundamental challenge as it counters the basics of
growth-oriented capitalism and our consolidated con-
sumer practices. Thus, apart from some conceptual
advances that have been incorporated into policies, we
remain entrenched in a political landscape where the
priorities and agendas of economic growth and com-
petitiveness overshadow environmental and social
considerations, hindering genuine structural change.
Both countries pay little attention to the problem of
waste as a climate-related issue. The hidden effects
of climate change resulting from the production pro-

cess and the corresponding supply chains tend to be
ignored. Relying solely on seeing waste through the
economic lens is inadequate and may even be coun-
terproductive, as it tends to encourage more waste pro-
duction rather than aiming to reduce it.

The Brazilian experience of explicitly including and
promoting waste pickers as an essential component
of waste policy is an important achievement in a pol-
icy field where technological and business concerns
tend to take centre stage. The important role of social
movements in the process of democratic transition,
the new Citizen’s Constitution of 1988, and the emer-
gence of left-wing governments at local and later at
federal level were fundamental contextual conditions
for the creation of policies for the productive inclusion
of waste pickers. Nevertheless, given the simultaneous
expansion of waste incineration, the spreading of this
experience seems difficult to achieve due to the pow-
erful interests boosting this highly profitable business.
Its continuity depends fundamentally on the political
development in the country and municipalities, where,
in view of the current political and ideological polarisa-
tion, such socially oriented policies have increasingly
become the plaything of hostile opponents.

The different federal institutional arrangements make
a difference in the design of waste policy in both coun-
tries. Due to the different historical legacies and the
related differences in political and administrative struc-
tures, diverse strategies are being pursued to meet
the challenge of “unity in diversity”. In Brazil, the con-
stitutional process has favoured the strengthening of
municipal autonomy and the principles of cooperative
federalism, with the federal government increasingly
taking the lead in public policy at the expense of the
states, which have lost relative financial strength and
governance capacity.

This general condition has led to a national SWP where
the federal government develops a general legal policy
framework that establishes basic principles, institution-
al requirements and policy tools, and provides financial
support for policy implementation by subnational gov-
ernments, at least to the extent that they comply with
the basic requirements stipulated by the federal gov-
ernment. In principle, participatory arrangements pro-
vide for the necessary democratic legitimacy of such
policy measures. However, a lack of effective horizon-
tal policy integration has been identified in the areas of
waste, basic sanitation and climate policy and as has
been seen with President Bolsonaro, federal govern-
ments that are not commited to environmental issues,
can easily undermine such comprehensive approaches
by omitting or obstructing them.

In the case of the Canadian “executive federalism”
the federal government’s capacity to unify public poli-
cy-making is historically low and depends on the gov-
ernment’s ability to negotiate joint agreements with the
provincial ministers. In the event of differences of opin-
ions or perceptions, the ECCC can only try to work with
guidelines and recommendations lacking integration
and enforcement capacities.
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This is reflected in the waste and climate policy, where
besides the general recommendations and guidelines
there are only specific regulations that could be agreed
upon and, in addition, quite different province-specific
regulations, progressive in some provinces and more
conservative and restraining in others. However, this
results in a greater diversity of waste policy proposals
and practices in the various sub-national governments.
In summary, it has proven worthwhile to take the simi-
larities and differences of federalism in both countries
as a starting point for our analysis, in order to better
understand the respective experiences themselves, as
well as to draw lessons that may point beyond the indi-
vidual cases. The complexities involved in our cases,
especially if we look at solid waste and climate change
as interdependent policy fields, reveal their character
as wicked problems (Head, 2022). However, whereas
such problems demand coordination, cooperation, in-
novation and policy integration, political-administrative
systems in general tend to be siloed. We identified pro-
gress and obstacles in taking an integrative approach
to the nexus waste-climate to address the related wick-
ed problems in both countries.

Our research highlights the difficulties faced by both
national governments in designing and enforcing na-
tional waste policies at the local level. In the case of
waste policy, local administrations are in principle in
better conditions to design locally adapted public poli-
cies through innovative contextual approaches that can
only emerge from local experiences. At the same time,
subnational governments must be supported in their
waste policies and these must be integrated into feder-
al climate policy. Effective multi-level and cross-policy
governance is therefore critical to successfully coordi-
nate these policies. Further empirical research is need-
ed to better understand the potential and challenges
for democratic federal systems in tackling such wick-
ed problems. The climate contributions from specific
waste management practices supported by public pol-
icies need to be further studied in order to learn about
their impact and either expand their application or rede-
sign these policies more effectively.
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ABSTRACT

There are different strategies for urban waste management. At present, solutions are
being sought for example to the noise that the collections cause to the inhabitants
in the cities, as well as the environmental impact. The introduction of technology
and particularly robots in the last time, open an opportunity to develop different ap-
plications for the robots last mile. This paper highlights and discusses properties of
robotic waste collection, based on existing literature of the environmental and eco-
nomic impacts of different waste collection and management systems. It explores
how a robotic system could be introduced into public spaces. For this purpose, a
new deployment protocol for public spaces has been developed, addressing these
interactions. Surveys and personalized interviews with pedestrians in the presence
of the robot in an urban center were conducted. Based on the collected data, a pro-
tocol has been designed, along with a proposed design applicable to urban centers,
small towns, or isolated residential areas. Many challenges remain, including a com-
prehensive environmental analysis of the robotic waste collection system, and cal-
culating the actual costs of implementation, operation, and maintenance over time.

CISA

1. INTRODUCTION

Urban waste management (Muntasir Shovon et al.,
2024) is a practice that has been carried out for a long time
in cities due to the importance of sanitation in preventing
the spread of diseases (Moanaro Ao and Nzanthung Ngul-
lie, 2024). Throughout history, solid waste has been han-
dled in a simple manner, for example, using horse-drawn
carts to collect the waste that accumulated in the streets
and industries, and recycling those residues that could have
value. Examples of this approach can be found in ancient
Rome, where circular economy was valued (Brunner and
Morf, 2024), and recycling was done as much as possible.

The big revolution in waste collection happened in
the late 19th century with the emergence of the first
steam-powered trucks, initially simple open-box carts.
Later, the internal combustion engine, containers, and the
establishment of routes that we are familiar with today ar-
rived, now enhanced by the latest technologies (Di Maria
etal., 2020).

Today, the amount of waste generated in cities remains
a significant problem (Rossit and Nesmachnow, 2022),
both from a public health and environmental perspective.
One way to address this problem is through the implemen-
tation of more efficient and sustainable waste collection
systems.

When comparing different methods of waste collection,
including manual collection, automated waste collection
using robots, and specifically last-mile robots, several ad-
vantages and disadvantages can be identified (Table 1).
Manual waste collection is labor-intensive and time-con-
suming (Sushma et al., 2021), while automated waste col-
lection using robots can significantly increase efficiency
and reduce the need for manual labor (Raihan et al., 2020).

Underground garbage collection containers offer nu-
merous advantages such as preventing the spread of
odors and water, reducing the risk of illnesses from bacte-
ria, saving space, enabling hygienic waste collection, and
facilitating on-site waste separation (Delice et al., 2019).
These systems utilize innovative features like ultraviolet
disinfection to ensure cleanliness and deodorization while
maintaining safety (Morakabatchian at al., 2021). Addi-
tionally, underground containers help in efficient waste
collection and contribute to recycling efforts due to their
compact design (Delice et al., 2019). However, some disad-
vantages include the initial installation costs and potential
maintenance requirements associated with the complex
mechanisms involved in these systems.

Last-mile robots, in particular, offer the advantage of
autonomously navigating to collect waste, reducing human
intervention and potentially lowering operational costs
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TABLE 1: Advantages and disadvantages of integrating robots into urban spaces.

Waste collection methods Advantages

Disadvantages

Manual waste collection (Sush- Flexibility and adaptability

Labour-intensive

ma S C et al. 2021)
Capacity to handle bulky waste

Risk of injury and exposure to hazardous substances

Low initial cost of equipment

Inefficiency in large or densely populated areas.

Direct human interaction and quality control

Variability in the quality of work

Time-consuming

Mechanised Collection (Raihan

High efficiency in the collection of large volumes

Require initial investment and maintenance efforts

N. et al.2020, Badve M. et al

2024) Reduction of manual time and effort.

Requires adequate infrastructure (wide streets, acces-
sibility).

Reduced exposure of staff to hazardous waste.

Emission of gaseous pollutants and noise.

Greater consistency and reliability of service

Difficulty in areas of difficult access or complex geom-
etries

Underground Containers (Delice
E. et al. 2019,Morakabatchian M.
at al. 2021)

Improved urban aesthetics.

the initial installation costs and potential maintenance
requirements associated with the complex mechanisms
involved in these systems

Reduction of odours and pests.

Need for underground infrastructure.

Increased storage capacity.

Difficulty of collection in case of system failures.

Less frequent collection required.

Requires specific technology for harvesting.

Harvesting with Last Mile Ro-

bots(Tomitagawa, K. et al. 2024) : labour.

Autonomous operation, reduces the need for manual

High cost of development and initial implementation

Possibility of operating at non-conventional times

Limitations on carrying capacity and types of waste

vehicles.

Reduced emissions and noise compared to larger

Dependence on advanced technologies and connectivity.

Accuracy in collection and route optimisation.

Need to adapt urban infrastructure

Improved operational efficiency in dense urban areas

Possible technical failures and complex maintenance.

Potentially lowering operational costs

Challenges such as energy consumption efficiency .

Path optimization exist for waste collection robots,
which can impact their overall effectiveness in waste
management tasks.

(Tomitagawa et al., 2024). However, challenges such as
energy consumption efficiency and path optimization exist
for waste collection robots, which can impact their overall
effectiveness in waste management tasks (Tomitagawa et
al., 2024). Therefore, while last-mile robots offer automa-
tion benefits, considerations regarding energy efficiency
and path optimization are crucial for maximizing their ef-
fectiveness in waste collection operations. This is still in
the process of being studied and optimized.

Due to the current door-to-door selective waste collec-
tion (PaP) (Laso et al., 2019; Baltrocchi APD., 2024; Dotsen-
ko et al., 2022) implemented by the Catalan Waste Agency,
which involves delivering waste to the municipal service at
your doorstep, it has complicated and duplicated the work
of waste collection services, as well as their costs. The im-
plementation of a home waste-collecting robot in Catalo-
nia offers numerous advantages, such as cost reduction
through a decrease in the number of collection vehicles
on the streets, as well as a reduction in maintenance and
operational costs. There would also be an improvement
in the efficiency of the collection process and a reduction
in the environmental impact of the activity, enhancing the
residential landscape and reducing unpleasant odors. Cur-
rently, robots can be found in numerous controlled environ-
ments:

« Airports (Hwang et al., 2023): Robots have been used in
airports to perform tasks such as floor cleaning, waste
removal, baggage delivery, and passenger transporta-
tion. For example, Incheon Airport in South Korea utiliz-
es a passenger and baggage transport robot.

+ Restaurants (Molinillo et al., 2023): In some restau-
rants, robots are used to take orders and deliver food
to tables. For instance, the Spyce restaurant in Boston
features a fully automated kitchen that uses robots to
prepare and serve food.

+  Hospitals (Huang et al., 2023): Robots have been em-
ployed in hospitals to transport supplies and food, as
well as perform cleaning and disinfection tasks. For
instance, Texas Children’s Hospital in Houston uses ro-
bots called Tugs to transport medications and supplies
to different areas of the hospital.

« Parking lots (Soori et al., 2023): Robots have been uti-
lized in certain parking lots for autonomous parking
and retrieving of vehicles. For example, at the Volkswa-
gen Autostadt in Wolfsburg, Germany, visitors can leave
their cars in an automated parking structure called Car
Towers, which uses robots to retrieve and deliver vehi-
cles.

The evolution of urban waste management has seen
significant advancements, transitioning from histori-
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cal methods to modern technologies like autonomous
waste-collecting robots (Liang-Bi Chen et al., 2023; Bharan-
ikumar et al., 2022, Sushma et al.,, 2021). These robots offer
a sustainable solution by reducing operational costs, min-
imizing environmental impact, and enhancing efficiency in
waste collection processes. By integrating autonomous
robots into urban environments, particularly in areas like
Catalonia, where door-to-door waste collection systems
are in place, numerous benefits can be realized, including
cost reduction, improved operational efficiency, and a re-
duction in environmental footprint. The implementation of
waste-collecting robots not only addresses the challenges
of waste management but also contributes to job creation
in the technology sector and promotes the adoption of
sustainable technologies, marking a significant step in the
robotics industry’s evolution towards more complex urban
applications.

These robots, equipped with artificial intelligence and
robotic systems, aim to autonomously collect and dispose
of garbage while monitoring waste levels and contents in
smart trash cans. By utilizing technologies such as AloT
(Artificial Intelligence of Things), ROS (Robot Operating
System) (Sunil and Shanavas, 2023), image sensors, and
ultrasonic sensors, these robots can navigate designated
areas, detect trash, and efficiently manage waste disposal
processes, contributing to cleaner environments and im-
proved waste management practices (Gupta et al., 2022).
The ability of a waste-collecting robot to operate in these
challenging environments requires a combination of tech-
nical skills, such as autonomous navigation, obstacle de-
tection, and coordination of multiple simultaneous tasks,
as well as excellent adaptability. The robot must be capa-
ble of planning efficient collection routes, safely maneu-
vering through streets and sidewalks, accurately picking
up the waste, and depositing it in the appropriate location
(Azza et al., 2023). Additionally, it must interact safely and
respectfully with citizens, given its operation in public set-
tings. This article will explore these interactions, focusing
on how the robot engages with the city and its residents.

Research questions:

What environmental and social analyses have been
conducted on garbage collection robots? What challenges
and intersections arise when introducing last-mile garbage
collection robots in cities, particularly in terms of pedestri-
an reactions, public space sharing preferences, and poten-
tial physical conflicts with existing infrastructures? What
protocols should be followed to minimize any inconven-
ience during their integration?

The study aims to address these research questions
by conducting a comprehensive systematic review of last-
mile waste collection robots, including economic, environ-
mental (Life Cycle Assessment), and social analyses, and
proposing a new framework for implementing a robotic
waste collection system in urban areas. The literature
mainly addresses technology and human-robot interaction
(Tuli et al., 2022; Fischer et al., 2022; Hwang et al., 2007),
but research on how these robots interact with urban infra-
structure is lacking. This study aims to design an innovative
robot tailored for urban environments, particularly residen-
tial complexes with shared spaces and waste collection

points. It will also examine the robot’s interaction with city
infrastructure and residents, focusing on potential physical
conflicts with existing structures. Additionally, the study
will compare door-to-door and robotic waste collection
systems to propose a new protocol for integrating these
robots into urban centers, promoting widespread adoption.

2. METHODOLOGIES

This paper offers a comprehensive systematic biblio-
graphic review focusing on three key aspects. Firstly, it ex-
amines the diverse range of robots developed for last-mile
waste collection, incorporating economic, environmental
(LCA), and social analyses. Secondly, it proposes a frame-
work for the implementation process of a last-mile robotic
system within urban areas. Lastly, it presents a novel robot
proposal tailored for urban environments with residential
complexes or blocks featuring shared spaces and waste
collection points.

In the systematic literature review, we explore the var-
ious existing robots that have been developed specifical-
ly for last-mile waste collection. This includes examining
their functionalities, capabilities, and performance in re-
al-world scenarios. We analyze the navigation systems
used by these robots to maneuver through complex urban
environments, their ability to detect and avoid obstacles,
and their collection mechanisms. We also assess their effi-
ciency in terms of time and energy consumption, as well as
their adaptability to different types of waste.

For the purpose of conducting this comprehensive re-
view, we will utilize the extensive resources available within
the Web of Science (WOS) database. This database offers
a vast collection of peer-reviewed literature spanning vari-
ous disciplines, ensuring a thorough and in-depth analysis
of the relevant research findings.

To assess the current state-of-the-art in last-mile
waste-collecting robots, a comprehensive literature review
was conducted using the Web of Science database (2023).
The search utilized the terms “trash collection robots,” “au-
tonomous waste collection,” “robotic waste collection,” and
“waste management robots,” combined with the Boolean
operator “OR” to retrieve relevant articles. As depicted in
Figure 1, although research in this field began in 1992, there
has been a significant increase in published studies over
the past four years.

When we delve deeper into the analysis of the results,
it becomes evident that among the six most productive
countries, China, the United States, and India significantly
outshine the rest. Spain, as the leading European nation in
scientific production within this context, holds the fourth
position.

If we look at the document types, we can see that there
are 211 journal articles, 144 proceeding papers, and 17 re-
views, resulting in a total of 369 documents. When filtering
by these three document types, we reduce the search to
369 results.

If we further refine the search by adding “AND LCA” to
consider the environmental impact through a life cycle as-
sessment, we narrow down our search to 205 documents.
Then, if we select only articles and literature reviews, we
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are left with 141 documents. From these, we can take the
top 5 most cited and the 5 most recent, which are present-
ed in Table 2.

In these articles, we can see that digitization and ar-
tificial intelligence are considered important aspects in
waste management and the involvement of waste-col-
lecting robots. The circular economy is mentioned as a
key approach to waste management and the application
of advanced technology. Environmental sustainability is a
recurring theme, focusing on waste management as well
as other related areas such as recycling and reverse logis-
tics. Challenges and opportunities associated with the
implementation of waste-collecting robots are mentioned,
such as the need to adapt to different contexts and the au-
tomation of tasks. Furthermore, the exploitation of waste
management in specific contexts is discussed, including
the generation of alternative fuels and biogas from waste
materials, among other elements.

If we analyze the 17 articles that are reviews and cover
the entire period up to the present day, we can highlight
that the first article discusses how to digitize the waste
management value chain, always considering the circular
economy. The second article highlights artificial intelli-
gence as a key factor in waste management in cities and
presents a use case in a smart city. The third article, found
in Table 2, focuses on waste classification and discusses
the challenges and opportunities that arise. The fourth ar-
ticle presents a case study in China and explains the char-
acteristics of waste management in a rural area. The sixth
article discusses the informal management of urban waste
in eight Latin American countries. The thirteenth article
discusses motion control and forces of robots, although it
could be applicable to any similar application, it is very spe-
cific about the functioning and autonomous movement of
the robot. Lastly, the seventeenth article presents an anal-
ysis of digitalization driven by urban circular metabolism
and examines circular city initiatives.

We made a proposed implementation protocol for said
last mile robot dedicated to urban waste collection. To de-
fine the protocol, our approach draws upon existing litera-
ture on robot integration and leverages insights from pre-
vious experiences documented by the Institute of Robotics
and Industrial Informatics (IRI) at the Universitat Politecni-
ca de Catalunya (UPC).

To gauge user acceptance, in the last stage of the pro-
tocol, we employed two strategies. Firstly, we conducted a
survey to enable quantitative analysis of the level of user
acceptance regarding the integration of robots into urban
areas for waste collection. This survey, hosted on Goog-
le Forms, was initially distributed through the researchers’
social networks, targeting individuals within their respec-
tive circles. Subsequently, the Esplugues de Llobregat
city council, a participating entity in the project, was ap-
proached to disseminate the survey on the city hall web-
site, thereby reaching the local populace for whom the sys-
tem is intended. The questionnaire comprised six sections
encompassing a total of 26 questions. These sections ad-
dressed various aspects such as users’ perceptions of the
robot’s interaction with citizens, the tasks performed by the
robot, the necessary infrastructures to support last-mile
distribution robots (including connectivity, data manage-
ment, monitoring, and energy recharging), the design and
organization of urban public space, and the sustainability
implications of introducing distribution robots into urban
environments. To enhance respondents’ engagement and
comprehension, the questionnaire incorporated videos and
images. The survey questionnaire is accessible via the fol-
lowing link: https://forms.gle/90jMG6P1rCAYNbodA

Another strategy involved conducting structured inter-
views in two distinct environments:

+ The first set of interviews took place in controlled ar-
eas over several days. During this phase, the robots
were deployed across the university campus, where
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TABLE 2: Most cited and most recent paper about Smart Trash Robot System. Literature reviews on last-mile garbage robots.

Title

Authors

i Journal

Most cited and most recent paper about Smart Trash Robot System

Smart technologies for collection and classification of electronic waste

Ada, E; llter, HK; Kazancoglu, Y

International Journal Of Quality &
Reliability Management (2023)

The impacts of autonomous vehicles on local government budgeting and
finance: case of solid waste collection

clark, by

National Tax Journal(2020)

Smart Trash Can Robot System with Integration of Internet of Things and
Mobile Applications

Chang, BR; Tsai, HF; Yin, TK

Sensors And Materials (2019)

Stb: Child-dependent Sociable Trash Box

Yamaiji, Y; T, Okada, M

International Journal Of Social
Robotics (2011)

Digitalisation and intelligent robotics in value chain of circular economy
oriented waste management - A review

Sarc, R; Curtis, A; Pomberger, R

Waste Management(2019). Cita-
tions 151

Public willingness to pay and participate in domestic waste manage-
ment in rural areas of China

Han, ZY; Zeng, D; Mou, ZS

Resources Conservation And Recy-
cling. Citations 54

Does performance evaluation help public managers? A Balanced Score-
card approach in urban waste services

Guimaraes, B;Simoes, P and
Marques, RC

Journal Of Environmental Manage-
ment(2010). Citations 54

A mobile robot based system for fully automated thermal 3D mapping

Borrmann, D; Nuchter, A;; Velagic, J

| Advanced Engineering Informatics
(2014). Citations 53

Optimal Route Recommendation for Waste Carrier Vehicles for Effi-
cient Waste Collection: A Step Forward Towards Sustainable Cities

Ahmad, S; Imran; Kim, D

leee Access (2020)
Citations 30

Literature reviews on last-mile garbage robots

1.-Digitalisation and intelligent robotics in value chain of circular economy
oriented waste management- A review

Sarc, R; Curtis, A; Pomberger, R

Waste Management (2019)

2-Artificial intelligence for waste management in smart cities: a review

Fang, BB; Yu, JC; Yap, PS

Environmental Chemistry Let-
ters(2023)

3.-A state-of-the-art review on robotics in waste sorting: scope and chal-
lenges

Satav, AG; Kubade, S; Pawar, A

International Journal Of Interactive
Design And Manufacturing - ljidem
(2023)

4.-Characteristics and management modes of domestic waste in rural
areas of developing countries: a case study of China

Han, ZY;Ye, CW; Shi, GZ

Environmental Science And Pollu-
tion Research (2019)

6.-The Role of Informal Waste Management in Urban Metabolism: A Review
of Eight Latin American Countries

Espinosa-Aquino, B; Durany, XG and
Vargas, RQ

Sustainability (2023)

13.-Hybrid motion/force control: a review

Ortenzi, V; Stolkin, R; Mistry, M

Advanced Robotics (2017)

17 .-Digitalisation driven urban metabolism circularity: A review and analy-
sis of circular city initiatives

D’Amico, G; Arbolino, R; loppolo, G

Land Use Policy (2022)

students, professors, administrative staff, maintenance
workers, security personnel, and cleaning staff were ap-
proached for interviews. Although this initial approach
resulted in a somewhat biased sample, with the majori-
ty comprising students from a technological university,
it provided valuable insights into the perspectives of
the younger generation.

The second approach to assess robot acceptance
involved traveling to Esplugues de Llobregat, a city
chosen for its diverse urban environment. Here, the re-
search team transported the robot to various locations
within the city and conducted interviews with pedes-
trians encountered along the way. The interview ques-
tions mirrored those used in the survey, facilitating data
extraction and comparison with quantitative analysis.
Despite maintaining a structured format, participants
were encouraged to openly express any concerns, en-
suring comprehensive feedback.

Finally, based on the findings from the literature review
and the feedback of the users, we propose a specific
robot design tailored for urban developments with com-
munal areas and waste collection points (Saragih et al.,
2023). This robot is designed to operate within the con-

fines of the urbanization, collecting waste from desig-
nated collection points. We outline the key features of
our proposed robot, including its size, maneuverability,
collection mechanism, and navigation system. We also
discuss the potential benefits of implementing such a
robot in terms of cost reduction, improved efficiency,
and enhanced cleanliness in communal areas.

3. RESULTS AND DISCUSSION

When analyzed together all the papers (Table 2), we see
the importance given to digitalization, artificial intelligence,
and other advanced technologies in waste management
and the development of more efficient waste-collecting
robots. Most of the articles mention the circular econo-
my as a key approach to waste management and how
waste-collecting robots can play a role in transitioning to
a circular economy model. The importance of environmen-
tal sustainability in waste management and the develop-
ment of environmentally friendly technologies and robots
is addressed. Waste-collecting robots (Chen et al., 2023).
are considered efficient and automated tools for waste
collection and sorting, which can increase efficiency and
reduce costs associated with waste management. Chal-
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lenges and opportunities associated with the implemen-
tation of waste-collecting robots are highlighted, such as
autonomous navigation in complex urban environments,
safe interaction with citizens, and coordination of multiple
simultaneous tasks. We have also seen examples of waste
management in specific contexts, such as rural areas in de-
veloping countries or in smart cities, emphasizing the need
to adapt waste-collecting robots to different environments
and requirements.

Andreasi Bassi et al. (2017) compare the environmen-
tal impacts of household waste management in seven
European countries (Germany, Denmark, France, the UK,
Italy, Poland, and Greece), highlighting the benefits and
challenges of different waste management strategies (as
we previously present in table 1). Notably, Germany shows
the best environmental performance, with high recycling
rates and minimal landfilling. Recycling generally yields
the largest environmental benefits, particularly for paper,
metals, and glass, while waste-to-energy (WtE) plants can
either contribute to environmental savings or loads, de-
pending on their efficiency and the energy they replace.
Denmark stands out for achieving significant environmen-
tal savings through energy recovery due to its extensive
district heating network. However, France’s high recycling
rates are offset by the environmental burden from WtE
plants, and Greece and Poland show high environmental
impacts due to heavy reliance on landfilling. The study
emphasizes that as Europe moves away from landfilling,
a shift in focus is needed from managing waste inputs to
maximizing the value of recovered materials and energy
outputs. It also notes that increasing recycling rates does
not always correlate with better environmental perfor-
mance, depending on national contexts and technological
factors.

In parallel with the information search for the design of
the waste collection robot, a protocol for the deployment of
these robots in public spaces has been developed. There
are numerous studies examining the logistical integration
of last-mile robots, primarily for parcel delivery (Demir et
al., 2022; Hyeong et al., 2021; Deloite, 2023). Conversely,
some studies focus exclusively on robot design (Boysen
et al.,, 2021; Park et al., 2023; Burde et al., 2023). Other re-
searchers focus on making deliveries more sustainable
and optimizing resources to the maximum (Aljohani and
Thompson, 2019; Ranieri et al., 2018), including authors
who analyze the interactions between robots, people, and
public space (Puig-Pey et al., 2023). However, there is still
a need for subsequent adaptation of the robot or public
space to ensure the seamless integration of the robot.
Therefore, we propose in this paper a new protocol with
different phases for its proper implementation, taking into
account not only the interaction with public space but also
with people and current mobility systems.

Before proceeding to analyze the integration of a robot
within the urban space and recognizing its technical via-
bility with necessary adaptations yet to be made, we have
assessed its environmental sustainability as a waste col-
lection system. This assessment is part of a broader explo-
ration into waste management strategies, which have been
subject to various studies evaluating their environmental

impact and efficiency. For instance, Mora et al. (2014)
conducted a Life Cycle Analysis (LCA) to assess the en-
vironmental implications of different waste management
methods, including street-side containers, subterranean
containers, doorstep collection, and pneumatic collection
systems. Conversely, Gilardino et al. (2017), integrated op-
erational research methods and LCA to devise an efficient
collection-route system for garbage compactor trucks,
aiming to reduce environmental impacts in Lima. Pérez et
al. (2017) outlined a methodology for assessing the envi-
ronmental impact of urban containerization systems using
LCA, while Pires et al. (2017) examined the economic as-
pects alongside the environmental impact of curbside and
exclusive bring systems. Social perspectives on common
collection systems were also considered (Yildiz-Geyhan
et al., 2017). Introduction of new technologies facilitated
comparisons between conventional and novel systems
such as vacuum collection.

Teerioja et al. (2012) compared a stationary pneumatic
waste collection system with a traditional vehicle-operat-
ed door-to-door collection system in a densely populated
urban area, focusing on economic aspects. Punkkinen et
al. (2012) and Aranda-Usén et al. (2013) utilized LCA to
evaluate the environmental sustainability of both collec-
tion methods. Iriarte et al. (2009) employed LCA to quantify
and compare the potential environmental impacts of three
selective collection systems: mobile pneumatic, multi-con-
tainer, and door-to-door. Previous findings suggest that
pneumatic systems tend to generate more air emissions
due to electricity consumption and installation materials.
However, when loads approach full capacity, the vacuum
system exhibits superior environmental performance com-
pared to conventional methods. Additionally, from an eco-
nomic standpoint, pneumatic collection is estimated to be
six times costlier than traditional systems (Teerioja et al.,
2012).

As observed, studies conducted thus far have primar-
ily focused on comparing pneumatic or door-to-door ur-
ban garbage collection systems (Iriarte et al., 2009; Laso
et al.,, 2019; Baltrocchi APD., 2024; Dotsenko et al., 2022),
predominantly using traditional traction vehicles rather
than electric or green energy vehicles (Canals Casals et
al., 2016; Canals Casals et al., 2017; Aryan et al., 2023) but
according to Laso et al. (2019), pneumatic collection could
be an environmentally friendly option for MSW manage-
ment under a circular economy approach in urban centers,
taking into account waste as an opportunity for a material
or energy source. If the proposed waste collection robot
functions as an electric vehicle, particularly one designated
for door-to-door collection, as demonstrated by Yang et al.
(2022), it is reasonable to anticipate a substantial reduc-
tion in emissions. This shift would make it a more viable
option for waste management.

When assessing the collection systems from an eco-
nomic perspective, Laso et al. (2019) and Yang et al. (2022)
underscore the cost-effectiveness of the door-to-door
system. However, a comprehensive comparison must be
made between the initial installation costs and potential
maintenance requirements of the complex mechanisms
involved in pneumatic systems and the robots’ operational
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TABLE 3: Protocol for the Introduction of Robots.

Project Definition Initial Studies

* Public Space * Studies on robot typology

° Stakeholders (Human Robot In- i * Studies on public space
teraction Roles: robot supervisor, i * Study of interactions between
robot operator, peer teammate, “City” and “Robot”
peer enduser, bystander, robotic : ° Study and analysis of regulations
urban set designer, researchers) and applicable legislation in the

* Need or Activity to be Developed project, as well as the necessary
by the Robot licenses for it.

Technological Development of the
Robot

Design and implementation of the
robot
Testing of it in the laboratory

Design of the public space that will
host the robot

Implementation of the zones
Design of the communication
equipment necessary for orien-

Prototype Implementation

* Analysis of proper integration

* User Acceptance Analysis (sur-
veys/interviews/real  experien-
ces with prototypes)

° Analysis of suitable schedules
and spaces

* Implementation in a controlled
environment

° Implementation in the city, con-

tation/communication with the trolled part.
robot * Implementation in a real envi-
* Design of specific recharging/ ronment.

repair spaces for the robot in the
city

Design of the pick-up and delivery
areas.

expenses, maintenance requirements, and long-term sus-
tainability.

Shifting focus to the framework for implementing a
last-mile robotic system in urban areas, Table 3 outlines
the procedure used in this research for integrating a robot
into public spaces.

The Table 3 show the protocol to develop and introdius
a new tecnology in the city. This protocol is divided into
four sections. The first section outlines the project’s defi-
nition, including technical requirements, identification of
interacting actors, and specific locations for deployment.
The second section delves into an in-depth study of various
robot typologies to determine the most suitable option. Ad-
ditionally, this section examines the city and its character-
istics, along with relevant project regulations.

The third section focuses on the technical development
of the robot, design considerations for the public spaces it
will interact with, communication systems, parcel delivery
mechanisms, and other related aspects. Finally, the last
section encompasses the realization of the prototype and
its interaction with the environment. This stage involves
analyzing citizen acceptance of the robot, making neces-
sary adjustments for adaptation, and addressing any iden-
tified issues.

As previously mentioned, surveys were conducted with
users prior to introducing the prototype into the urban en-
vironment, followed by personalized interviews after con-
ducting robot implementation tests in the city. The vehicle
utilized for these tests was the ONA(Human-Robot Inter-
action (HRI) Operational Navigation Autonomous), as de-
scribed by Puig-Pey et al. (2023). ONA is an electric vehicle
with approximately 8 hours of autonomy and dimensions
similar to those of the proposed waste collection robot.

As seen in Table 3, it is essential to be in a connect-
ed city to implement robotic systems, as the device must
communicate at all times to follow the predefined route
without conflicts.

In analyzing the city, it is necessary to distinguish be-
tween different urban areas. In this study, we chose to clas-
sify the city into three parts: urban center, industrial zone,
and neighborhoods/developments due to their different
urban characteristics.

Simultaneously, we analyzed various types of robots
currently available that could fit the activity we were devel-

oping. At this point, we opted to design a waste collection
robot for developments and used ONA for the test, as seen
earlier.

In the interviews as we could see, conducted during the
implementation tests, we found that bystanders indicated,
on a scale of 1 to 7, that 90% (taking into account ratings
of 5, 6, and 7) would accept the presence of a robot in the
public space (Figure 2). The scale from 1 to 7 indicates the
degree to which the robot is accepted in the urban space.
Where 1 is unfavorable and 7 is feasible).

They emphasize that the most feasible implementa-
tion they see at present would be in residential areas or
industrial zones (university campuses, industrial estates,
pedestrian urban centers, or small urban developments).
They point out that it would be advisable to segregate ur-
ban spaces and that nighttime mobility would be the most
suitable to minimize interference with bystanders. There-
fore, we believe that the proposed activity is appropriate
based on the suggestions of passersby.

The dimensions of the ONA were deemed suitable, sug-
gesting that our waste collection robot would encounter no
issues in this regard.

]l 22 23 ed4 05 0 07

Where 1 is vnfavorable and 7 is fzasibl=
0% 0%

FIGURE 2: To what extent would you accept the presence of a ro-
bot in the current urban public space?
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FIGURE 3: Year distribution of the number of publications on waste-collecting robots.

Regarding the city’s preparedness for robot integration,
participants expressed the need for significant investment.
While acknowledging the potential reduction in unpleasant
nighttime noise, concerns were raised about potential job
displacement as a significant drawback to implementation.

Based on all these conclusions, also based on previ-
ous studies of waste disposal robots (Sushma et al., 2021;
Gupta et al., 2022; Chen et al., 2023) and the type of ro-
bots at IRI (Institute of Robotics and Industrial Informatics)
(ONA robot, (Puig-Pey et al., 2023)) and with the help of stu-
dents from the Master's program in Industrial Electronics
and Automation Engineering at the ESEIAAT (The School
of Industrial, Aerospace and Audiovisual Engineering of
Terrassa from Universitat Politécnica de Catalunya-BAR-
CELONATECH), a waste-collecting robot design propos-
al has been developed, which can be seen in Figure 3.

This robot is designed to operate in the residential
neighborhoods of Esplugues de Llobregat, where door-
to-door waste collection is currently implemented with a
different type of waste collected each day. The robot is
equipped with caterpillar-like tracks, allowing it to navigate
various surfaces with ease. The specifications of both the
robot and the container are detailed in Table 4.

As the design of the robot and the different software
and hardware components is not yet available, an infor-
mation search has been carried out to determine the key
factors for the design. Specification sheets are prepared
based on the factors to be considered for a more sustaina-
ble design. A survey of 33 leading robotics companies was

TABLE 4: The technical specifications of the robot and the con-
tainer.

conducted, as used in Zerkane et al. (2015). Some of the
key factors identified include energy saving, durability op-
timization, recyclability, biodegradability, renewability, and
reusability. However, there is still a lot of work to be done
in this area.

As shown in Tables 3 and 4 and Figure 3, the prelimi-
nary design indicates that each container will have a ca-
pacity of 500 liters, and it is estimated that there will be
one robot for every 300 households or more (considering
that the average garbage production per family per day is
1.5 kg), forming a network of robots in more populated en-
vironments. The system is electric, equipped with lithium
batteries, and rechargeable through solar panels located
on the top of the container, if conditions permit. The cur-
rent robot can receive instructions from an operator, follow
a programmed route, includes both manual and automatic
emergency stops, and is equipped with a trash compactor
(Dalmasso et al., 2023).

It is clear that the production and disposal of batteries
significantly contribute to the overall environmental foot-
print of BEVs (Koroma et al. 2022). However, as demon-
strated in the work by Yang et al. (2022), compared to
combustion engines, the environmental impact is lower,
although it is clearly influenced by the energy mix of the
country where the BEV or robot is implemented.

Therefore, as a final reflection we could say that the
integration of robots into urban spaces presents a myri-
ad of advantages and disadvantages (Table 5 presents a
first analysis of them). On one hand, robots can stream-
line various urban processes, such as waste management,
transportation, and infrastructure maintenance, leading to
increased efficiency and reduced operational costs.

o : e Additionally, robots can mitigate risks to human work-

Robot specifications Container specifications X X K .

ers by performing tasks in hazardous or challenging envi-

Speed(m/s) 4 Speed(m/s) 4 ronments. However, their introduction may also raise con-
Mass (Kg) 50 Mass(Kg) 150 cerns regarding job displacement and social acceptance.
Speed-up(m/s?) 1.6 Speed-up(m/s?) 16 Moreover, the complexity and cost associated with imple-
Power(W) 320 Power (W) 960 menting and malhtalnlng robotic systems in urbap environ-

; N 0 ; N 190 ments pose significant challenges. Therefore, while robots
orque (Nm) orque (Nm) hold promise for enhancing urban life, careful considera-
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TABLE 5: Advantages and disadvantages of integrating robots into urban spaces.

Aspect Advantages

Disadvantages

Technological * Automation of repetitive tasks.

* Integration of advanced technologies.

* Increased precision and efficiency in waste collection.

* Vulnerability to technical failures and cyberattacks.

* High initial and ongoing costs associated with development
and maintenance.

* The delayed implementation of technology in connected
cities poses challenges for current robot navigation.

Social * Improvement of working conditions.
* Potential for creating new jobs.

* Reduction of pollution and noise.

* Concerns over job loss.
* Challenges of acceptance and adaptation by the popula-
tion.

Environmental * Reduction of greenhouse gas emissions.

ciency.

* Improvement in waste management and collection effi-

* Environmental impact of production and disposal of elec-
tronic components.
* Energy consumption during manufacturing and operation.

Economic * Long-term reduction in operational costs.

ment.

° Savings generation through efficient resource manage-

* High initial costs.
* Uncertainty about return on investment and long-term eco-
nomic viability.

tion of both their benefits and drawbacks is essential for
successful integration into urban spaces.

4. CONCLUSIONS

As we have analyzed, in reviewing the collection of
studies (Table 2), the critical role of digitalization, artificial
intelligence, and other advanced technologies in waste
management emerges prominently. These technologies
are pivotal in developing more efficient waste-collecting
robots. Many papers as we saw, underscore the circular
economy as a central approach to waste management,
highlighting how waste-collecting robots can facilitate the
transition to this model. Additionally, the importance of en-
vironmental sustainability in waste management and the
creation of environmentally friendly technologies and ro-
bots is emphasized.

Waste-collecting robots, as noted by Chen et al. (2023),
are viewed as efficient, automated tools for waste collec-
tion and sorting. They can significantly enhance efficiency
and reduce the costs associated with waste management.
However, challenges such as autonomous navigation in
complex urban environments, safe interaction with citi-
zens, and the coordination of multiple tasks simultaneous-
ly present significant obstacles yet.

Parallel to the information search for the waste collec-
tion robots, a deployment new protocol for these robots in
public spaces has been developed. As we have seen, this
includes phases to address interaction with public spaces,
people, and existing mobility systems.

Environmental sustainability assessments, such as
those conducted by Mora et al. (2014), Gilardino et al. (2017),
Pérez et al. (2017), and Pires et al. (2017), provide insights
into the environmental implications of waste management
methods. These studies, employing Life Cycle Analysis
(LCA), reveal that while pneumatic systems may generate
more air emissions due to electricity consumption, they ex-
hibit superior environmental performance when operating
at full capacity. Economic evaluations, such as those by
Teerioja et al. (2012), suggest that pneumatic collection
systems are significantly more costly than traditional meth-
ods. Robotic systems could balance cost and emissions,
but comprehensive studies are still needed. The key factors
necessary for the design of robots have been analysed,

based on the survey developed by Zerkane et al. (2015),
of 33 leading companies in the development of robots.

Studies primarily comparing pneumatic and door-to-
door collection systems (Baltrocchi APD., 2024; Dotsenko
et al.,, 2022) typically use traditional traction vehicles rath-
er than electric or green energy vehicles (Canals Casals et
al., 2016, 2017). Transitioning to electric vehicles for waste
collection, particularly for door-to-door systemes, is likely to
result in substantial emission reductions, making it a more
viable waste management option.

The economic perspective, as discussed by Laso et al.
(2019) and Yang et al. (2022), highlights the cost-effective-
ness of the door-to-door system. However, a comprehen-
sive evaluation of the economic advantages of integrating
robotic systems compared to pneumatic facilities requires
a more in-depth analysis. Factors such as initial setup
costs, operational expenses, maintenance requirements,
and long-term sustainability must be thoroughly examined.

In implementing last-mile robotic systems within urban
areas, it is essential to follow a structured protocol as we
have presented. This includes defining the project, studying
various robot typologies, focusing on the technical devel-
opment of the robot, and analyzing citizen acceptance and
necessary adjustments for adaptation.

In conclusion, integrating robots into urban spaces of-
fers numerous advantages, including increased efficiency
and reduced operational costs. However, challenges such
as potential job displacement, social acceptance, and
the complexity and cost of implementation must be ad-
dressed. Careful consideration of these factors is crucial
for the successful integration of robots into urban environ-
ments, especially based on data obtained from pedestri-
ans who would share public space with robots.

The consideration of environmental, social, economic
and efficiency factors is crucial for the successful integra-
tion of robots in urban environments, as we present in the
protocol and it is necessary to obtain some of these from
pedestrians who would share public space with robots.

In future work, we will conduct a technical comparison
with systems proposed by other institutions. Furthermore,
we will perform environmental and social analyses to eval-
uate the device’s integration and incorporate diverse pro-
posals from stakeholders.
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ABSTRACT

Communication, dissemination and exploitation of research findings is vital to max-
imise research impact. This is increasingly important as society faces sustainability
challenges that require people to be educated about a broad range of issues spread
across academic disciplines, and this is especially true of the waste management
industry. Despite this need, effective approaches to communication, dissemination
and exploitation can be challenging. This paper presents the EMERGE project as a
case study, presenting the approaches used, identifying areas of success and high-
lighting areas for further improvement. This reveals a successful strategy to com-
municating with scientific audiences but highlights the considerable potential for
improvements in the approach to communicating with the general public. New ap-
proaches to social media usage for research projects need to be considered, such
as working with social media professionals, using a greater variety of apps and pro-

1. INTRODUCTION

In an era of sustainability concerns and climate emer-
gency, environmental education is of critical importance if
the transition to a sustainable society is to be achieved.
Environmental education is defined by the Thilisi declara-
tion (1977) as “a learning process that increases people’s
knowledge and awareness about the environment and
its associated challenges, develops the necessary skills
and expertise to address the challenges, and fosters atti-
tudes, motivations, and commitments to make informed
decisions and take responsible action.” (Gillett, 1977). The
United Nations’ Educational, Scientific and Cultural Organi-
zation (UNESCO, 2021) has highlighted the key role that en-
vironmental education can play in encouraging sustainable
development, by increasing public awareness and respect
for nature. The research community can play its part in this
by adopting effective strategies to science communica-
tion, dissemination, and exploitation of the research find-
ings (Clark et al, 2016). It is therefore vital that the latest
research relating to environmental and sustainability is-
sues is communicated in the most effective way possible,
and to the widest possible audience. This is particularly ap-
plicable for the waste management sector, as it links very
strongly to the three pillars of sustainable development: so-

active collaboration with influential users/accounts.

ciety, environment, and economy. Effective strategies for
communication, dissemination and exploitation of results
are therefore essential components of future research pro-
jects.

This paper presents the approach taken to communica-
tion, dissemination, and exploitation of research findings by
the European Union’s Horizon 2020-funded project “Evalu-
ation, control and mitigation of the environmental impacts
of shipping emissions” (EMERGE). This EU project focuses
on the impact of wash water discharges from exhaust gas
cleaning systems (EGCS) as a waste-related case study. It
explains the approaches taken to communication, dissem-
ination, and exploitation of research findings, whilst evalu-
ating successes and areas for improvement.

2. BACKGROUND

Science communication is the act of conveying scien-
tific knowledge to diverse audiences, often with varying
level of expertise (Garvey, 2014). This may involve com-
municating with other scientists, policy makers, relevant
stakeholders, as well as the general public. This broad
communication is critical if the research is to improve
awareness among wider society and make a meaningful
contribution to environmental education (Cox, 2013). Sci-
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ence communication creates a channel of communication
between scientists and wider society, enabling research to
provide greater impact (Lamb et al, 2018). In the past, this
was mainly the responsibility of teachers, science writers,
journalists, and outreach coordinators. However, scientists
are now increasingly taking an active role in science com-
munication themselves (Cooke et al. 2017).

Science communication uses a variety of methods,
including traditional approaches such as publication in
scientific journals, presentations and publications at con-
ferences, seminars, or public lectures, as well as dissem-
ination through printed and broadcast media. In addition,
digital media is increasingly employed as a tool for science
communication, encompassing email lists, digital news-
letters, and social networking sites such as X (formerly
Twitter), Facebook, Instagram, LinkedIn, and YouTube, as
well as podcasting (Fox et al. 2021). Research can make
an impact on policy through the distribution of policy briefs
to governmental bodies and relevant stakeholders (Mas-
set et al, 2013). These methods are summarised in Table
1. The most effective science communication strategies
use a combination of all these methods to disseminate
the results in a targeted way to different audiences (Dud-
ley-Brown, 2019).

Dissemination of research allows the work to make a
meaningful contribution to the discipline, influence policy
and lead to evidence-based decision making. Ensuring
these findings are available and visible to a broad audi-
ence creates opportunities for collaboration, new ideas,
and innovation, as well as enhancing transparency and
accountability (Dienlin et al. 2021). This is particularly im-
portant for research that receives public funding (Suber,
2012). Communicating research findings to the public and
key stakeholders not only helps create trust in science, but

TABLE 1: Methods used in science communication and dissem-
ination.

Key approaches Examples

Academic articles and
presentations

* Journal papers

* Conference papers and presentations
* Seminars

* Events

Press releases

Policy briefs

Events

Collaboration with and feedback from
stakeholders

Direct communication with
stakeholders, governmental
bodies, and potential users

Digital communication Social networking sites

Online Newsletters and email lists

Podcasting

Online distribution of media (digital

versions of printed media)

° Blogs

* Websites

* Members/stakeholder network enrol-
ment

* Online survey

Printed media * Magazines
° Leaflets
* Posters

* Booklets

Mass media * Use of television, radio, magazines,

and newspapers

also raises awareness of the issues involved (Weingart and
Guenther, 2016).

Sustainable development requires complex decision-
spanning social, environmental, and economic aspects.
Research can no longer be siloed within academia and
separated from wider society. This entails a complete
change in how knowledge is consumed, eliminating barri-
ers to information and fragmenting disciplines. Education
for sustainable development (ESD) has been encouraged
as a way to address this, with UNESCO (2021) stating that
ESD “gives learners of all ages the knowledge, skills, val-
ues, and agency to address interconnected global chal-
lenges including climate change, loss of biodiversity, un-
sustainable use of resources, and inequality. It empowers
learners of all ages to make informed decisions and take
individual and collective action to change society and care
for the planet.” ESD has been highlighted as an essential
tool for achieving the sustainable development goals by
2030 (UNESCO 2021).

As a further step beyond communication and dissem-
ination, the exploitation of research enables a sustained
impact after the project concludes. This may include the
use of research findings in published literature, further de-
velopment of tools, models and approaches created during
the research, the implementation of the research via policy,
and the incorporation of the research findings into educa-
tion, such as via university and schools’ lectures.

Despite the clear benefits and importance, challenges
still remain in relation to the communication, dissemination,
and exploitation of research. Overcoming these challenges
is vital if the cutting-edge of research is to be translated
into meaningful outcomes. International research projects
such as those undertaken by the European Union require a
clear approach; however, this is often difficult to achieve.
To overcome these challenges, it is essential to conduct
a detailed study of the successes and failures of existing
approaches. By identifying paths to success and learning
from failures, we can pave the way for effective solutions.
There is a lack of publications that presents comprehen-
sive examples of these strategies for other researchers to
learn from. This will be explored in this paper in more detail

by presenting the EMERGE project as a case study.

3. EMERGE PROJECT

EMERGE is a 4-year project funded by the European
Union’s Horizon 2020 research and innovation programme.
It aims to systematically analyse the complex interactions
between technological options for pollution reduction,
pollutant emissions and dispersion, and the environment.
This especially focuses on the effectiveness of exhaust
gas cleaning systems (EGCS), or scrubbers, used on ships
to reduce pollutants, and the impact the discharge of the
resulting wash water may have on the marine environment.
Open-loop scrubbers discharge wash water as a waste
product directly into the environment. Closed-loop scrub-
bers store this wash water and need specialist facilities in
ports to manage this waste. The EMERGE project therefore
has a clear potential contribution to sustainable develop-
ment and the wider waste management sector.
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The EMERGE project’s broad aims were, firstly, to com-
prehensively quantify and evaluate the effects of a range of
potential emission reduction solutions for shipping in Eu-
rope, and secondly, develop more effective strategies and
measures to reduce the environmental impacts of ship-
ping. This research has been undertaken by a consortium
containing eighteen partners from ten European countries,
and a further five international partner institutes. This net-
work was expanded by 136 stakeholders and thirteen ad-
visory board members recruited in the preliminary stages
of the project. Details are available on the project’s website
(https://emerge-h2020.eu/).

While the EMERGE project benefits from a large net-
work, granting access to resources and stakeholders that
may not be possible in smaller-scale research projects, its
approach to communication, dissemination and exploita-
tion can provide useful insight to projects of all sizes.

3.1 Approach to communication and dissemination

The EMERGE project has deployed a wide range of ap-
proaches to communication and dissemination, which tar-
gets a diverse range of audiences. The target audiences
identified in the communication strategy are:

+  The EMERGE consortium partners
+ Academic, research and general scientific/engineering
community
Shipping sector and community
+  Endusers
Policy makers
Education community
+ General public

These audiences have been reached in a variety of
ways. In particular, the academic, research and scientif-
ic/engineering community has been targeted primarily
through the publication of academic journal articles and
conference papers. This approach has reached many key
audiences, notably the shipping sector and community,
end users and policy makers. The academic papers pro-
duced by the EMERGE project have been specifically aimed
at open-access journals, resulting in 43 papers published
and 3 accepted for publication by end May 2024 (Appendix
1). At least another 30 papers are in preparation for pub-
lication in peer-reviewed journals. Utilising open-access
journals ensures that the research findings are accessible
to all the target audiences highlighted above. A total of 68
papers were presented at international conferences, with
presentations also given at a wide range of international
conferences, workshops, webinars, working groups and
committees. A full list is available (Williams and Neophy-
tou, 2024).

The EMERGE consortium agreed to produce eight
6-monthly newsletters and four annual press releases from
the project. These were successfully delivered — on time
and on budget - and are available to view on the website.
The aim of the newsletters was to disseminate informa-
tion about the project and its progress to a wide array of
stakeholders as. It provided updates on past and upcom-
ing project events, international events where the EMERGE

Consortium participated or was planning to participate in,
and project news. It was an important communication tool
as it contributed to building support for the project from all
target groups and the public. The project’s first newsletter
included the following sections:

+ Short project description

+  Project’'s Mission
Project’s Objectives
Project’s Scope

+ Project Consortium
Project News (i.e. the starting of the project and its
kick-off meeting)

+ Future events (in which the EMERGE Consortium will be
participating)
Join the EMERGE Information Network (invitation to
stakeholders)

+  The project’s social media accounts
EU disclaimer

The structure for the next newsletters remained the
same by removing the introductory details of the project.

Press releases were intended to communicate the
project’s developments or announce important achieve-
ments. They were released annually and aimed to update
the targeted group within EMERGE’s Information Network
stakeholders, along with the public, on the project’s pro-
gress. The project’s press releases included project re-
search findings and selected outcomes (i.e. case studies
outcomes) accompanied by a bespoke Infographic that
depicted the scope and approach of the EMERGE project.
Additionally, the press releases included case study maps
showing the areas of sampling and measurements for
each case study.

Numerous tools have been used to communicate and
disseminate these findings beyond academic journals. The
project website was used as an information platform with
the aim of organising key project information for partners
and visitors, including stakeholders, members of the pub-
lic and scientists. In addition, the project has benefitted by
utilising the EMERGE member’s websites, blogs, and media
channels to further promote the research. Project news-
letters, press releases and a summary booklet have been
created and distributed to subscribers (Figure 1). Posters,
briefing sheets, leaflets, roll-ups, and presentations have
been created for distribution/display at events and online.
Eight short documentary videos have been produced and
have been made available via social media and websites.
A stakeholder’s workshop from 2021 was recorded an up-
loaded to YouTube as a long video.

Project events were meticulously coordinated and
organised, encompassing stakeholder workshops (e.g.,
EMERGE Stakeholder Workshops in March 2021 and Feb-
ruary 2024), conferences (e.g., the 13th International Con-
ference on Air Quality), as well as seminars (e.g., a collab-
orative seminar with the SCIPPER project, EMERGE'’s sister
project, held within the framework of the Posidonia 2022
Exhibition). These gatherings provided EMERGE partners
with the opportunity to showcase their findings and engage
stakeholders. Additionally, project representatives actively
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FIGURE 1: lllustrative examples of an EMERGE project press release, newsletter and summary booklet.

participated in various conferences, where they presented
the EMERGE project and their work within its framework,
thereby broadening its reach to academic and profession-
al communities. Other outreach efforts encompassed di-
verse communication campaigns including radio and TV
interviews, increasing the project’s visibility. The results of
the project have been incorporated into the creation of ed-
ucational lectures and seminars aimed at students, along
with relevant training materials.

The use of social networking sites is a key aspect of the
communication strategy (Table 2).

Numerous forms of social media were used to reach
difference audiences. LinkedIn was used to target a pro-
fessional audience. Other forms of social media were used
more generally with the public in mind as a target audience.
YouTube was used only as a platform to host videos which
were then be shared to the other social media platforms.

The hashtags and profiles tagged on X (Twitter) are
also shown in Table 2. This highlights that the chosen
hashtags are all specific to the issues investigated.

3.2 Approach to exploitation

The EMERGE project developed a comprehensive strat-
egy to enable continued exploitation of the research find-
ings after the project has finished, with the following aims:

+  Use of the project’s results and policy recommenda-
tions in national, regional, and international conferenc-
es, fora, and organizations

+ Use of the project’s findings in scientific journals
Use and further development of the project’s data and
tools (decision support tool) available on the website
Development of new lectures and seminars for pres-
entation to students

The target audiences for the exploitation strategy are
organisations, entities or individuals that can benefit from
EMERGE's results were identified:

+  The EMERGE consortium partners

+Academic, research and general scientific/ engineering
community

+ Shipping sector and community

«  Other end users (local authorities, port authorities, reg-
ulatory bodies)

+ EU and other international policy makers

+ Education community

+ General public

+ Research funding agencies

+  Experts

+Media groups

This strategy aimed to maintain the project website's
availability, further disseminate project’s results at confer-
ences and forums, and sustain the availability of the social
media/printed media posts created to communicate find-
ings. Considerable efforts were made to provide input to
key stakeholders and policy makers, including:

+ National governments

+ the International Maritime Organisation (IMO)

+ HELCOM (Baltic Marine Environment Protection Com-
mission)

+ the OSPAR Commission (so named because of the
original Oslo and Paris Conventions (“0S" for Oslo and
“PAR” for Paris))

- the International Council for the Exploration of the Sea
(ICES)
the Baltic Sea Action Group (BSAG)
and EU expert groups (i.e. the European Maritime Safe-
ty Agency (EMSA)).
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TABLE 2: Social media channels, target audiences and content type.

Social media Target audience Type of content Hastags/Tagged Profiles
X General public, key stakeholders, local Infographics, videos, links, #EUEMERGE #H2020 #Shipping #Marine #Maritime
authorities and governmental bodies, pictures, news, documents. #MarinePollutionPrevention #INEA #scrubbers #Miti-
marine/maritime/shipping organisa- gationScenarios #ShippingEmissions #Environmenta-
tions & companies. limpacts #EmissionReductionSolutions
@EU_H2020 @EUSciencelnnov @EU_Commission @
EUSciComm @EU_MARE @EU_ENV @Transport_EU
@inea_eu
LinkedIn Scientific community, professionals Infographics, pictures, videos,
from related areas, local authorities and : links, news, documents.
governmental bodies, marine/maritime/
shipping organisations & companies.
YouTube Not specified Audio-visual contents that will For example, “Tidelines” video:
be shared on other media and https://youtu.be/raDZvo8rF70
platforms
Facebook Not specified Infographics, videos, links,
pictures, news, documents.

This was also achieved via attendance at meetings and
provision of policy briefs, as well as working directly with
the shipping industry and producers of abatement equip-
ment. This strand of the exploitation strategy was made
possible by the large EMERGE consortium and may not
be possible for smaller research projects; however, it illus-
trates very clearly the benefits derived from collaborative
efforts.

The strategy aimed to achieve the short-term targets
of maintaining a network of key experts via collaboration
between consortium members and the use of professional
networks such as LinkedIn and promoting and supporting
existing online tools such as the website, social media,
newsletter, and documentary videos. The mid- and long-
term targets were designed to enable working with inter-
national groups and surveying project partners to identify
further opportunities that have arisen from the EMERGE
project.

3.3 Outcomes

Whilst the project was only completed at end May 2024,
there is unmistakable evidence of success. The production
of promotional and educational material is shown in Table
3 (and available via the website https://emerge-h2020.eu/),
demonstrating that the most used approach has been the
production of short videos to highlight the research find-
ings. The second most used approach is the distribution of
newsletters twice a year, aiming at providing updates on the
project, news, publications, and future events. These news-
letters were distributed to a global network of subscribers
and were presented in the form of short and succinct docu-
ments with a focus on conveying key information effective-
ly, with a range of 2 to 10 pages, with the majority falling
between 3 and 5 pages long. This prevents recipients being
overwhelmed with too frequent and too long newsletters
and losing interest. These newsletters have encouraged
further exploitation of the research findings by highlighting
publications produced by project partners and published
to peer-reviewed journals. This communication strategy
makes a direct contribution to the exploitation plan.

This strong focus on videos has been highlighted in the
literature as an effective tool for science dissemination,

particularly for use in the education sector as an effective
tool for helping non-specialist users understand scientific
knowledge (Giron-Garcia and Fortanet-Gomez, 2023). The
policy briefs due to be created will also help implement the
exploitation plan. Table 5 highlights a preference for digi-
tal dissemination over printed and physical media. This is
essential for an international research project such as this
and allows the research to reach a wider audience.

Eight short documentary videos have also been pro-
duced, with one video per work package. These videos
have been distributed on the project’s social media chan-
nels and may make a valuable contribution to communica-
tion and dissemination. In addition to this, the stakehold-
er workshops have been recorded and are available via
YouTube (e.g. https://www.youtube.com/watch?v=dQrd-
nYvt360).

The total numbers of people reached using all dissem-
ination and communication activities according to inter-
nal mid-term review reports from the EMERGE project are
shown in Table 4, also highlighting areas of success.

The high number of over 129 million members of the
general public reached is according to project partner
Chalmers, with their press release reaching approximately
129 million people. The press release received significant
attention from global media outlets, earning it a spot-on
Chalmers’ top-ten list for widespread coverage. This high-
lights the importance of multiple avenues to reaching the

TABLE 3: Outcomes of dissemination strategies.

Approach Quantity

Briefing note distribution : 1

Roll up banner 1

Flyers and posters 1 of each

Newsletters 8 (2 per year)

Press releases 3 (1 per year)

Videos 1 project introduction, 8 short documentary
videos and 2 long recorded stakeholder
workshop videos from 2021 and 2024.

Policy briefs Summary booklet published, briefs due at

project end.

I.D. Williams et al. / DETRITUS / Volume 29 - 2024 / pages 191-201 195



TABLE 4: Type of audience reached by dissemination & communi-
cation activities according to mid-term reports as of March 31st,
2023.

Type of audience reached in the

context of all dissemination & Estimated number of persons
communication activities (as of reached
31st of March 2023)

Scientific community (Higher 7202
education, research)

Industry 5052

Civil Society 983

General Public 129,007,442
Policy Makers 1795

Media 145
Investors 732
Customers 732

Other 1177

Total 129,025,260

general public, with press releases able to make a signifi-
cant contribution.

The approach of the EMERGE project to publishing
findings has clearly been successful, leading to 43 aca-
demic papers published to date, with a further 3 accepted
for publication, against an overall target of 50. In terms of
achieving the objectives of the exploitation plan relating
to use of the projects results and findings, Overall (by end
May 2024), the papers have been viewed close to 50,000
times, downloaded more than 11,000 times, and cited over
500 times. The exact counts for views and downloads will
be higher as not all journals provide detailed information
about downloads and view counts.

These results produce a mean citation count per paper
of 14.6 citations (at the end of May 2024), which suggests
the work has been highly impactful thus far, especially
considering many of the papers have only been available
for two years or less. The use of open-access journals has
made the research papers more accessible to a larger au-
dience and has contributed to achieving the exploitation
plan. Young and Brandes (2020) found that open-access
papers receive more citations and attract a more diverse,
interdisciplinary audience, which is beneficial for research
aiming at producing more sustainable outcomes, as it ne-
cessitates consideration across various disciplines.

The number of attendees at stakeholder workshops
was 140 at the online stakeholder workshop in 2021 and
66 at the online stakeholder workshop in 2024. These
events enabled the EMERGE project’s progress and results
to be disseminated to a range of stakeholders in multiple
countries. A bespoke EMERGE EU stakeholder workshop
was initially planned to be held in a hybrid format, with both
in-person participation in Brussels and online attendance,
scheduled for May 2024. Participants were representatives
from the EMERGE project, the EMERGE EC Project Officer,
and stakeholders from parent DGs, CINEA, and EMSA. The
agenda, detailing arrangements for both in-person and on-
line participation, along with the WebEx invitation for the
online attendees, were sent to the EC Project Officer for

dissemination to EU stakeholders prior to the event. How-
ever, due to the Project Officer’s inability to attend the event
in person, and at their suggestion, the format was shifted
to an entirely online event.

Prior to the workshop, the EMERGE e-booklet was dis-
tributed to EMERGE partners and the EMERGE EC Project
Officer for further dissemination to EU stakeholders. This
e-booklet provided a comprehensive overview of the pro-
ject’'s key accomplishments, including scientific achieve-
ments, policy recommendations, and guidance. The
EMERGE EU stakeholder workshop took place online on
May 21, 2024, and lasted approximately three hours. Dur-
ing the event, project results and policy recommendations
were presented to 30 attendees, including the EC Project
Officer, one stakeholder from EMSA, one from DG MOVE,
and the EMERGE team. The event was recorded, as per the
EC Project Officer’s request.

An innovative dissemination activity was a creative col-
laboration between the EMERGE team, three university fac-
ulties, the University of Southampton’s (UoS) Widening Par-
ticipation and Social Mobility (WPSM) team, three schools
based in Southampton, England, and a local professional
artist. The goal of “Tidelines” was to promote knowledge
exchange on nature- and engineering-based solutions to
climate change and decarbonisation in the marine environ-
ment based on the findings from the EMERGE project.

A knowledge exchange (KE) programme was devel-
oped to inform international policy-making and future, sus-
tainable, collaborative projects that support levelling up
and Equality, Diversity & Inclusivity skills & capability devel-
opment in disadvantaged communities. This was achieved
in February-June 2024 by combining science/engineering
and the arts to inform, inspire and encourage engagement
in solutions to contemporary issues that affect coastal
communities.

“Tidelines” is an innovative multimedia project that
placed international researchers, professional poets, and
student poets (‘Shadow Poets’) in targeted youth settings
in Southampton, primarily disadvantaged young people in
the IntoUniversity Southampton West partnership. EMERGE
researchers interacted with primary and secondary school
children to discuss the complex interactions between
shipping and coastal environments. There was a focus on
discussing sustainable solutions to societal impacts, tech-
nological options, pollutant emissions and dispersion, and
environmental costs/benefits. Additional benefits includ-
ed the development of improved literacy, self-confidence,
and a range of soft skills in the children. University- and
Student Poets led research-based and creative workshops
to inspire young people, teachers, and teaching assistants
(TAs) to write and perform poetry about i) their current
everyday lives in a coastal city and ii) how they feel nature-
and engineering-based solutions could transform coastal
areas for the better. The workshops culminated in a perfor-
mance and interactive iBooks that featured poetry, audio,
and videos created by the participants. The outputs will be
hosted on the EMERGE project’s website to ensure inter-
national communication/dissemination and input into pol-
icy-related discussions (Figure 2). We led pedagogical and
practical training with the teachers and TAs, focussing on
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But the businesses lie,
marine mammals die
And they all know why
which makes us all cry!

The scrubbers don't work

and we can't see down there!

‘lhev'luep enerating

all that pollution

if the scrubbers don't work,
we need a solution!

They know the answer
but pretend they never
Solet’s all say

right here in unison!

FIGURE 2: Screenshots from the Tidelines video featuring the rap “Listen Up Businesses” created by the school children as their response to

what they learned from the EMERGE project’s findings.

Action Competences, speedy flmmaking techniques and
iBook creation. The iBooks of poetry were be written and
performed by the young people, the teachers, and the Shad-
ow Poets. One iBook from each school and an anthology of
selected poetry from the entire project will be freely availa-
ble to download. Each interactive iBook contains poetry in
accessible written, audio and video form. A final celebratory
showcase event was held involving each school. The show-
case celebration featured original poetry videos from the
project, performances from the Young People and Shadow
Poets, and launched the iBooks. The EMERGE project team
will include the outputs and outcomes in their recommen-
dations to international marine/maritime organisations.

Appendix 1 and the data above shows that the EMERGE
project has successfully communicated its findings via
peer-reviewed academic journals and clearly reached an
academic and professional audience. This effective com-
munication with professionals can be seen in the social
media accounts, with LinkedIn performing the best, exhib-
iting a greater number of likes and comments than X, Face-
book and YouTube combined, as shown in Table 5.

These statistics suggest that the EMERGE project has
succeeded in communicating with other scientists and pro-
fessional stakeholders. However, the lack of interactions
on social media accounts targeting a broader audience
indicates that, concerning outreach to the general public,
the project has been eclipsed by e.g. immediate news sto-
ries, entertainment, and content from celebrities and so-
called influencers. This remains a challenge for the scien-
tific community but may be partially addressed by further
work as the project comes to its end and all the outputs,
outcomes and impacts become available. The exploitation
plan will further increase the interaction with the general
public after the project has finished.

Table 5 highlights that despite considerable efforts to
build a considerable social media presence, with over 1000
posts overall, this has led to little interaction, with an aver-
age interaction of only 6.8 likes and comments per post. If
likes and comments of those directly involved with the pro-
ject were removed, this average would drop even further.
This poses the possibility that if the interactions of those
directly involved were not included, the actual interaction

TABLE 5: Interactions with social media accounts. Accurate 29.05.2024.

Average likes and com-

Social media Followers Number of posts Total Likes and comments ments per post (mean)
X (formerly Twitter) 141 118 614 52
Facebook 123 94 510 54
LinkedIn 761 88 1508 171
YouTube 18 11 9 0.9
Overall 1,043 311 2,641 7.15
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with the general public via social media may be negligible.
This, however, does not necessarily reflect a failure of the
EMERGE project, as other industries aiming at public en-
gagement have also been shown in the literature to receive
similar levels of interaction on social media (Roberts et al.
2021), and the EMERGE project is a project most useful to
policymakers rather than the general public. A social media
engagement rate of 1-5% is considered to be a good rate,
although this becomes harder to achieve as the number
of followers increases (Sehl and Tien, 2023). The average
likes and comments per post shown in Table 5 reveals an
average engagement rate of 3.7%, 4.4%, 2.2% and 5%, for
X, Facebook, LinkedIn, and YouTube respectively. Thus, de-
spite these numbers appearing to be low, they are still good
engagement rates for social media.

The short documentary videos uploaded to YouTube
further highlight the challenges. These provide an intro-
duction, 7 videos for different work packages, and then a
summary video. These videos have 47 views on average
and 0.5 likes on average. Two key issues that are pres-
ent in the YouTube approach are the names of the vide-
os, which are named after the work packages, such as
EMERGE WP1, WP2, etc, and the fact comments are turned
off. These names make the videos difficult to find for the
general public, who may use generic search terms such as
“the impact of scrubbers” rather than searching for specific
work packages. Having comments disabled also prevents
interaction and may make the videos less visible, due to so-
cial media algorithms prioritising content with high levels
of interaction. If interaction is disabled, then the videos are
always going to struggle to be seen. The EMERGE project
has used YouTube simply as a site to host videos and then
share them on other platforms, which is where the main
interaction with these videos is to be found.

Another aspect to consider is the information that
viewers receive even when they do not directly interact
with social media content. Chung et al. (2020) found that
when social media was used for environmental education,
viewers often did not interact with the posts or share them,
but they did still acquire environmental information. This
suggests that evaluating the effectiveness of social media
simply by interaction levels may be ineffective, as it will
fail to capture the exchanges of information that still take
place. This highlights the challenges of science commu-
nication and despite its benefits, social media’s effective-
ness is difficult to evaluate. Whilst scientists have taken
an increasingly active role in science communication, and
digital communication has become an increasingly wide-
ly used tool for science communication, the complexity of
social media and the algorithms involved may mean that
a lot of effort from the scientists may lead to little actu-
al measurable public engagement. Posts on social media
that are successful are often referred to as having gone
viral, where the post amasses significant interactions in
a short space of time. The reality of social media is that
the vast majority of posts fail to take off in this way and
achieve little interaction (Sehl and Tien, 2023). In order to
go viral a post needs to satisfy the requirements created
by an algorithm that then decides to what extent the post
is prioritised, filtered, ranked, and recommended to other

users (Poyry et al, 2018). This makes using social media
an art in itself. The rise of social media has led to the era of
influencers and those who make a career using social me-
dia, attracting vast numbers of people to their content, and
generating enough revenue to make a living. This shows
that social media can be highly effective if used correctly
and the potential for public engagement is vast, but identi-
fying these strategies is challenging.

The social media sites of X, Facebook and YouTube may
limit the reach of the research, with apps such as TikTok,
Instagram and Snapchat proving more popular with young
people (Hogan, 2022). This may be because apps such as
TikTok have rapidly become popular during the years that
this research project has taken place. This suggests that
future research projects should consider using new apps
as they emerge. For example, Ofcom (2023) found that Tik-
Tok was the most favoured source of news for teenagers
in the UK, followed by YouTube and Instagram. Research
investigating the potential role of TikTok in science com-
munication has found that it was a useful platform for pro-
viding summaries of research papers in video form, and
that 84% of users felt higher levels of trust in science and
scientists after following (Rein, 2023). TikTok may repre-
sent a useful tool for this and other projects to use in the
future to distribute short documentary videos.

The EMERGE project has only posted 11 times on You-
Tube, and has mostly focused on X, Facebook, and Linke-
din. X and Facebook both have declining user numbers
and are less popular with young people (Canales, 2021),
and LinkedlIn is largely a professional network. This means
the reach of this project is limited in regard to the general
public and future projects should consider a more diverse
range of apps for disseminating the findings if young peo-
ple are to be more effectively included. Another option to
increase the reach of social media posts would be to pay
to advertise, which is something most businesses actively
do on social media already (Fulgoni, 2015). If academic
work is to achieve the same visibility it may have to be
promoted in the same way and invest some of the budget
assigned to communication and dissemination, if any ex-
ists, into actively promoting the work on social media via
paid advertising and/or collaboration with influential us-
ers. Artificial intelligence (Al) is likely to become a useful
tool in helping make engaging social media content in the
near future.

The hashtags identified in the communication and
dissemination strategy are shown in Table 2. However,
in reality, the majority of posts on the X account contain
no hashtags, reducing their potential reach. Whilst these
chosen hashtags may have been useful for engaging with
key stakeholders, government authorities, maritime indus-
tries etc, one issue of using these highly specific hashtags
is that it is not going to engage the general public. These
hashtags will be followed by those with an existing interest
in shipping and maritime issues, rather than those with a
general willingness to learn who may follow more general
hashtags relating to the environment, science, and sustain-
ability. The largest potential audience on social media is
those who are not already actively engaged with the ac-
counts, however with these hashtags there is no obvious
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way to engage them, as most of them are very content
specific. One way a project could improve its exposure to
the general public would be to use more general hashtags
broadly relating to the issue presented, such as #environ-
ment #sustainable #sustainability #green #ecofriendly etc.
(Matthews, 2011).

Another issue which will impact the EMERGE project’s
online visibility is the fact that another European Union
Horizon 2020 funded research project shares the same
name; the evaluating mHealth technology in HIV to im-
prove empowerment and healthcare utilisation: research
and innovation to generate evidence for personalised care
(EmERGE). Whilst it is inevitable that similar names may
be used over time, it makes it more difficult for the project
website and associated social media accounts to stand
out, which may have a detrimental impact on long-term
legacy exploitation.

4. CONCLUSIONS AND RECOMMENDATIONS

The approach taken by the EMERGE project demon-
strates a successful example of science communication,
dissemination, and exploitation. A large number of ac-
ademic articles have been published and there is a large
social media presence. Rapid publication of results has
allowed the research to be well-cited before the project
has even finished, leading to a highly impactful research
output. This highlights the importance of prompt publica-
tion of research findings and the benefits of publication in
open-access journals. The large consortium of members
and wider stakeholder network has ideally positioned the
EMERGE project to implement its exploitation plan suc-
cessfully. For smaller projects that lack this network, col-
laboration should be encouraged wherever possible to ex-
pand the potential strategies available.

The project has reached the public successfully via
press releases which were communicated by the media,
with over 129 million views. One aspect of the strategy
that could be elevated further is a potential lack of engage-
ment with the public via social media, which is a common
issue with public engagement approaches. The EMERGE
project outcomes are most useful for stakeholders, and
there is a limit to the impact the general public could have
on encouraging the implementation of research findings,
however, this will not be the case for many other waste-re-
lated and sustainability-related research topics. Improving
engagement with the general public will be highly impor-
tant if these projects are to be translated into behavioural
change.

Social media represents the most widely used tool
used in the approach to engaging with the public, and it
is possible that if interactions from consortium members
were to be removed from social media, there may be a
low level of engagement. The documentary videos may
also fail to reach the public due to the names assigned to
these videos. Whilst this issue is not unique to the EMERGE
project, it illustrates that even large projects can still strug-
gle to engage with the public. To address this, science
communication strategies should consider an innovative
approach to social media use. Further research could at-

tempt to identify the most suitable strategies to increasing
social media engagement, which may potentially include
approaches such as paid advertisement, collaboration with
influencers/successful accounts, better use of titles and
hashtags, employing social media professionals, and con-
tent designed with social media algorithms in mind.

A greater variety of social media apps could be used
to better reach the general public, especially young people
who prefer apps such as TikTok, Instagram and Snapchat
which are less frequently used for science communication.
Podcasting could be used to increase the impact further.
These tools may also be easier to use for smaller projects
that lack a large stakeholder network.
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1. INTRODUCTION

Open dumping and open burning are the primary waste
treatment and disposal methods used in many developing
countries (Ferronato & Torretta, 2019). Approximately 40%
of the world’s waste ends up in open dumpsites, especial-
ly in cities within middle and low-income countries that
lack adequate waste collection and treatment systems.
For instance, in many African cities, up to 90% of waste is
openly dumped (United Nations Environment Programme,
2024). Even in cities where waste collection systems are
well-established and offer extensive coverage, the lack
of adequate treatment facilities and efficient processing
systems often results in the collected waste being sent
to landfills. Landfilling is linked to several environmental
pollution issues, including (a) groundwater contamination
from the leaching of organic, inorganic, and other harmful
substances contained in the waste; (b) air pollution due
to the suspension of particles and gaseous pollutants; (c)
odour pollution affecting nearby communities; and (d) sur-
face water pollution caused by potential runoff (Siddiqua et
al., 2022). In addition, the accumulation of waste in landfills
can pose long-term risks to public health and contribute
to climate change, exacerbating health and environmental
challenges globally.

From the air pollution perspective, in uncontrolled land-
fills and dump sites, waste can spontaneously combust
due to factors like methane emissions from decomposing
waste. Burning waste releases harmful carcinogens like di-
oxins, furans, and a short-lived climate pollutant, the black
carbon, posing serious health risks. The combustion pro-
cesses can also release polycyclic aromatic hydrocarbons
(PAHSs) and other volatile organic compounds (VOCs), fur-
ther deteriorating the air quality. In recent years, the number
of landfill fires has increased due to excessive heat, driven
by climate change. From an environmental justice perspec-

tive, communities living near landfills are disproportion-
ately exposed to severe air pollution and other attendant
health and safety hazards. Growing awareness of these is-
sues and the associated health impacts has led to arise in
citizens taking legal action, demanding cleaner air in cities,
and raising the concerns of those living near waste dump-
sites. However, there are no standard approaches, besides
expensive real-time source apportionment tools, to under-
stand the change in air quality levels attributable to waste
dumping. The high cost associated with these tools makes
legal redress a daunting task in developing countries.
Although, in a developing country context, in addition
to poor waste management, sources like residential cook-
ing and heating, transportation, and industries are also
significant contributors to air pollution, actions are already
in place to control emissions from these sectors. For ex-
ample, in the case of residential cooking, several meas-
ures have been taken over the past few decades that have
reduced exposure to household pollution (Health Effects
Institute, 2024). In the case of transportation, we have ve-
hicular emission standards in place, and for industries, we
have industrial emission standards. However, waste man-
agement is an area yet to be addressed from an air pollu-
tion perspective and hence merits a calibrated strategy to
address the issue. Despite the substantial impact of waste
mismanagement on air pollution, strategies specifically ad-
dressing this issue have not received adequate attention
in the past. Environmental forensics, as a techno-legal ap-
proach, has an important role to play in this situation.

2. THE ROLE OF ENVIRONMENTAL FOREN-
SIC TOOLS
Environmental forensics in air pollution is used to

identify pollution sources, track pollutant dispersion, as-
sess environmental and health impacts, and quantify the

Managing editors:
—\ Claire Gwinett, George Varghese
[I] email: c.gwinnett@staffs.ac.uk, gkv@nitc.ac.in

QQ Detritus / Volume 29 - 2024 / pages I-IV
https://doi.org/10.31025/2611-4135/2024.19447
© 2024 Cisa Publisher. All rights reserved



damages. The goal is to determine who is responsible for
the pollution, assess the extent of environmental damage,
and support legal or regulatory actions (Abdul Samad et
al., 2020). Environmental monitoring plays a critical role
in environmental forensic investigations. There are two
primary approaches to environmental monitoring: one, the
conventional air quality monitoring methods, or reference
techniques, established by federal or state agencies. These
monitoring methods are typically available for a limited
range of pollutants. In developing countries, courts often
rely on these standardised methods to assess pollutant
releases. However, this practice has sometimes proven to
be a limitation, as investigations are restricted to the pol-
lutants listed by federal agencies, leaving other potentially
harmful substances unexamined. The second approach
is to look for chemicals that can act as fingerprints of the
sources of pollution. This approach often requires monitor-
ing at the potential sources (for emission inventorization)
and the receptor locations. The monitoring data along with
appropriate modelling tools (dispersion/receptor) help to
identify the sources, their relative contribution, and the time
of release.

The first approach can be implemented by installing
ambient air quality monitoring systems in landfill sites.
Such systems can detect a range of harmful substances,
including volatile organic compounds (VOCs), particulate
matter, and greenhouse gases like methane. Several devel-
oped countries have made it mandatory to monitor air qual-
ity in landfill sites. However, this is not a common practice
in developing countries. Moreover, when there are other
possible sources for the monitored pollutants, establishing
the contribution of landfills can be controversial.

The second approach involves using techniques like
fingerprinting and modelling, where specific compounds
act as indicators for various decomposition processes in
landfills. For instance, methane serves as a fingerprint for
anaerobic decomposition of organic waste, while hydrogen
sulphide indicates the breakdown of sulphur-containing
materials. Ammonia is a marker for the decomposition of
nitrogenous organic matter. Specific pollutants like silox-
anes point to the degradation of personal care products,
medical waste, and other silicone-based materials. Com-
pounds like polychlorinated biphenyls (PCBs), dioxins, and
furans are linked to emissions from the breakdown of cer-
tain plastics, electrical components, and industrial waste.
Further, the studies by Bakkaloglu et al. (2021, 2022) point
to the possibility of using the difference in carbon isotopic
signature of methane (CH,) emitted from landfills of dif-
ferent ages to identify the specific landfill contributing CH,
to the atmosphere. Landfill fires are not uncommon, and
the use of compounds emitted during the fire incidents can
serve as signatures for identifying the areas affected by
these events. For instance, Polybrominated diphenyl ethers
(PBDEs) were used as a signature compound to identify
the areas within the city impacted by emissions from a ma-
jor landfill fire in Santiago, Chile (Pozo et al., 2023).

Air pollution models are useful for quantifying emis-
sions, identifying pollutant sources, and assessing health
impacts from landfills. By inputting data on waste com-
position, decomposition rates, and other site-specific pa-

rameters, the emission models can estimate the rate of
pollutants emitted. For example, the LandGEM (Landfill
Gas Emissions Model), developed by the United States
Environmental Protection Agency (USEPA), uses first-or-
der decay equations to estimate emissions of methane
and other gases from landfills based on waste acceptance
data (United Nations Environment Programme, 2005). This
model is used to calculate emission rates for total landfill
gas, methane, carbon dioxide, non-methane organic com-
pounds, and specific air pollutants from municipal solid
waste (MSW) landfills.

Source apportionment models are valuable for assess-
ing the impact of landfill emissions on local air quality by
determining the proportion of pollutants originating from
landfills using techniques such as fingerprinting. This
knowledge is crucial in understanding the potential health
risks associated with landfill emissions, including respira-
tory and cardiovascular diseases, and consequently in lia-
bility allocation.

Dispersion modelling tools predict how landfill emis-
sions move through the atmosphere. Gaussian dispersion
models, such as AERMOD, consider meteorological data
(e.g., wind speed, direction, temperature), landfill topogra-
phy, and surrounding land use to simulate pollutant disper-
sion patterns (Perry et al., 2005).

These approaches discussed above are not just rele-
vant for the forensic applications but also for the regular air
quality management efforts as discussed below.

i) Compliance with national standards: National Ambi-
ent Air Quality Standards (NAAQS) is a legal tool available
in the majority of the countries, and the states or provinces
are mandated to take necessary steps to maintain these
standards. However, in developing countries, the exceed-
ance of these standards is very common. There are provi-
sions under the Air Acts to monitor the NAAQS, but there
is no way to identify the sectors or activities contributing
to it on a day-to-day basis. Enhanced monitoring can iden-
tify pollution-causing activities at landfills and support
mitigation strategies. Air quality models, such as AERMOD
recommended by the USEPA, are vital for demonstrating
regulatory compliance. Developing countries can use these
models to assess landfill impacts and ensure emissions
stay within limits, aiding the permitting process. These
tools help operators and regulators make informed deci-
sions to protect public health and the environment.

if) Community exposure and health assessment: Al-
though not a replacement for exposure monitoring, ambi-
ent air monitoring can provide a reasonable estimate of
pollutants in the breathing zone. Thus, it reflects the com-
munity’s exposure to air pollution. However, in developing
countries, ambient air quality monitoring data near landfill
sites is very limited. Even in developed countries, air quality
monitoring (AQM) can be spatially limited, potentially fail-
ing to adequately represent the impact if they are not posi-
tioned downwind of the landfill. Mobile AQM stations can
be used to fill in the gaps; however, due to their high cost,
they cannot significantly increase spatial sampling density.
Any lack of data can hinder the ability to accurately assess
community exposure and implement effective health inter-
ventions for the communities living in the close vicinity of
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a landfill site. A cost-effective approach for AQM would be
the establishment of mixed networks including both refer-
ence-grade monitors as well as emerging sensor technol-
ogies (Gani et al., 2022). Further, dispersion model predic-
tions help in identifying areas at higher risk of exposure to
harmful pollutants, establishing buffer zones around land-
fills, and strategically placing monitoring stations.

ii) Intervention assessment: Assessing the effective-
ness of interventions at landfill sites to reduce pollution
is often challenging. Installing air quality monitors would
help determine which measures have been successful and
which have not. Dispersion models are used to evaluate the
effectiveness of various mitigation strategies, such as gas
collection systems, flaring, and biocovers. By simulating
scenarios with and without these measures, models can
provide quantitative assessments of emission reductions.

3. THEIMPORTANCE OF REGULATORY SUP-
PORT

In developed countries, environmental forensics is be-
ing utilized to ensure that environmental regulations are
strictly adhered to and hold polluters accountable for air
pollution caused by waste mismanagement. In the Euro-
pean Union, directives such as the Waste Framework Di-
rective and the Ambient Air Quality Directive mandate the
member states to ensure comprehensive monitoring and
reporting of emissions from various waste management
facilities, including landfills. These directives require mem-
ber states to implement national laws and strategies that
ensure continuous air quality monitoring and enforce strict
penalties for non-compliance. In response, local authori-
ties are driven by national legislation to adopt environmen-
tally sound practices of waste management.

On the other hand, environmental regulators in develop-
ing countries have to contend with deficiencies in legisla-
tive framework and state capacity. For instance, in India, air
pollution is regulated under the Air Act, and waste is man-
aged under the Environmental Protection (EP) Act and dif-
ferent rules, including municipal, plastic waste, biomedical,
hazardous, e-waste, and construction waste management
rules. Under the Biomedical Waste Management Rules, it
is mandated to install air quality monitors in biomedical
waste processing centers across the country. Yet, these
rules are unevenly implemented. Even rights-conscious
judicial interventions for upgrading enforcement capaci-
ties could produce only mixed outcomes (Gill, 2024). Fur-
thermore, India’s air pollution control legislation does not
penalize local government officials for contravening their
duties. Since municipal authorities are primarily responsi-
ble for solid waste management, there is a worrying gap in
existing accountability mechanisms. Similar deficiencies
in the legislative regime are compounded by structural
limitations of local government, resulting in the release of
toxic air pollutants on account of waste mismanagement.
Thus, it is critical to harmonize the enforcement and penal-
ty regimes under air quality and waste management laws.
Under the provision of waste management rules and the
Air Act, it can be mandated to install air quality monitors
near landfills and dump sites, regularly monitor, and take

necessary measures if it exceeds the NAAQS. For all oth-
er sources of pollution, it is possible to establish emission
standards, but in the case of open landfills, this can be a
suitable way, and the residents around the landfill will also
be aware of the prevailing air pollution levels.

Effective accountability should involve not only penal-
izing immediate violations but also ensuring the imple-
mentation of robust waste management practices based
on source segregation, efficient collection and scientific
treatment and disposal, and regular air quality monitoring.
This comprehensive approach is essential for addressing
the environmental and public health impacts associated
with landfill operations and for ensuring long-term improve-
ments in waste management practices.

4. ENFORCEMENT

The effectiveness of environmental regulations is sig-
nificantly compromised by the lack of a stringent penalty
regime. In developing economies, including India, the en-
forcement of environmental laws related to waste manage-
ment and air quality are restricted by inadequate penalty
mechanisms. While penalties for specific episodic and vis-
ually evident violations, such as landfill fire outbreaks, are
occasionally imposed by regulatory bodies or judiciary sys-
tems, regular issues, such as PM emissions from vehicular
movement while transporting waste, ongoing smouldering
of waste, and constant methane emissions from decom-
posing waste, often go unnoticed and unaddressed.

In addition to air monitoring, critical preventive meas-
ures designed to minimize air pollution and reduce landfill
fire hazards need to be enforced. These measures include
daily compaction of waste using dozers and covering
waste with a layer of soil or debris of sufficient thickness to
prevent exposure to the environment. These practices are
intended to control emissions, prevent fires, and manage
waste more effectively. However, compliance with these
protocols is often lacking in developing countries, leading
to poorly managed sites that do not adhere to scientifical-
ly sound operational standards. This gap in compliance
highlights the urgent need for robust accountability mech-
anisms for municipal government and waste generators.

5. CONCLUSIONS

Developing countries face significant challenges with
solid waste management and air pollution. Ineffective
waste management practices, such as open dumping and
burning, significantly contribute to air pollution. Despite
the clear link between waste mismanagement and air
pollution, targeted strategies to address this issue have
often been overlooked. Environmental forensics, which in-
cludes tools such as monitoring, modeling, and fingerprint-
ing, plays a crucial role in this context. These techniques
can help identify emission levels, sources, and timing of
emissions. To effectively tackle the issue of air pollution
from waste management practices, it is essential to align
enforcement and penalty measures across air quality and
waste management regulations. Environmental forensics
has a significant supporting role to play in this.
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1. INTRODUCTION

This column explores the strategies students at the Uni-
versity of Victoria (UVic), Canada, and at Jaramogi Oginga
Odinga University of Science and Technology (JOOUST),
Kenya, are adopting to reduce food waste on their campus-
es. Through interviews, the research highlights the creative
and practical ways students address food waste while
identifying systemic changes universities could implement
to support these efforts. From grassroots initiatives to in-
stitutional suggestions, this analysis highlights the role of
students as both agents of change and advocates for sus-
tainability.

1.1 Background on Student-Led Food Waste Solu-
tions

Food waste is a pressing global issue (FAOQ, 2015), and
universities often reflect the complexities of these chal-
lenges within their campuses. Functioning as small-scale
models of society, campuses are shaped by the interac-
tions of various actors; students, faculty, administrators,
and food service providers operating within a network of
institutional policies, infrastructures, and external mar-
ket pressures (Boschini et al., 2018; Marais et al., 2017).
These environments face constraints such as limited food
options, inefficient dining practices, including poorly pre-
pared meals, and inadequate facilities for food storage and
management. Despite these challenges, students actively
develop innovative strategies to reduce waste, establishing
themselves as vital contributors to sustainability efforts.

Student-led solutions are often rooted in the concept
of grassroots innovation—practical, community-driven ap-
proaches that are tailored to the immediate needs of their
environment (Gutberlet, 2023). These efforts typically in-
volve small-scale, low-resource initiatives that address
specific campus challenges while aligning with broader
goals of sustainability and waste reduction. For example,
students often reimagine traditional practices or adopt cre-
ative approaches to food preservation and redistribution,
reflecting both their adaptability and their awareness of
systemic inefficiencies.

Unlike top-down solutions, these grassroots innova-
tions focus on addressing everyday issues students en-
counter, such as food spoilage because of the lack of stor-
age facilities. They showcase students’ ability to respond
proactively to challenges while advocating for longer-term
changes, such as improved infrastructure or institutional
policies. These efforts demonstrate not only practical ac-
tion but also critical reflection, as students seek to both
mitigate waste in their immediate surroundings and inspire
systemic change across their universities.

2. METHODS

The study used a qualitative approach with semi-struc-
tured online in-depth interviews involving twenty under-
graduate students: ten each from UVic and JOOUST. These
sites were selected due to researchers’ location and estab-
lished international connections in Kenya. Semi-structured
interviews offered flexibility for in-depth discussions (Dunn,
2021). Data collection occurred between November 2023
and May 2024, with ethics approval from the University of
Victoria's Research Ethics Board (Protocol #23-0328). Par-
ticipants at JOOUST included six females and four males
(eight first year and two third year students). At UVic, par-
ticipants comprised seven females and three males (nine
first-year and one third-year student) and one international
student.

Interviews were conducted via Zoom, leveraging its
ability to overcome challenges related to time, cost, and
location (Dunn, 2021; Thunberg & Arnell, 2021). Sessions
lasted 30 to 45 minutes, providing students with the oppor-
tunity to share detailed insights. While several open-end-
ed questions were posed, the ones most relevant to this
grassroots innovation column focused on two key areas:
practices students use to reduce food waste and what they
believe their universities could do to support these efforts.

Convenience sampling (Acharya et al., 2013) was used
to recruit undergraduates aged 18-24 who lived on-cam-
pus and regularly ate at residence dining halls. At UVic,
recruitment involved posters (Figure 1), direct approach-
es in common areas, and assistance from professors. At
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FIGURE 1: Recruitment poster.

JOOUST, a research assistant employed snowball sam-
pling to identify eligible participants (Kirchherr & Charles,
2018).

Participants received interview questions in advance to
facilitate thoughtful preparation and reflection. Informed
consent was obtained before interviews, with participants
briefed on their rights, including the ability to withdraw at
any time.

During data collection, we used Zoom'’s “View Full Tran-
scripts” function to generate real-time transcripts of each
session. These transcripts were reviewed for accuracy by
cross-referencing them with audio and video recordings to
correct any errors or omissions. Familiarizing ourselves
with the material allowed us to efficiently evaluate and ex-
tract key information.

Data analysis followed a systematic process: open
coding was used to identify and categorize significant con-
cepts relevant to the research objectives (Glaser, 2016).
This was followed by focused thematic coding of group re-
lated data, and finally, selective coding to develop themes
and establish connections between categories.

3. STUDENT INNOVATIONS: INSIGHTS
FROM THE UNIVERSITIES

This section explores how students at JOOUST and
UVic are tackling food waste through distinct yet impact-
ful strategies. From traditional knowledge to collabora-
tive food recovery initiatives, their approaches highlight
the power of adaptability and collective action in ad-
dressing one of the most pressing global sustainability
challenges.

3.1 Jaramogi Oginga Odinga University of Science
and Technology

At JOOUST, students use traditional knowledge to ad-
dress infrastructural challenges that limit access to refrig-
eration. Restrictions on personal refrigerators, due to con-
cerns about fire risks, limited space, and high electricity
costs, have led students to develop innovative food preser-
vation methods. For example, vegetables are left outdoors
overnight to stay fresh through the cooling effect of natural
dew. This creative adaptation to environmental conditions
leverages local resources to minimize food waste.
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This approach demonstrates the competence and ad-
aptability of students in resource-scarce settings, turning
constraints into opportunities for sustainability. By relying
on traditional practices, students address modern chal-
lenges while ensuring food security, providing a compelling
example of grassroots innovation in action.

3.2 University of Victoria

At UVic, students employ different strategies rooted in
community action and sustainability. The Community Cab-
bage initiative, a student organization at UVic, exemplifies
this, as students engage in food recovery by rescuing sur-
plus produce from local stores and preparing free weekly
hot meals at campus from the reclaimed food items, serv-
ing students affected by food insecurity. This project raises
awareness about food waste, fosters a sense of commu-
nity, and promotes food security through collective action.
By turning food that would otherwise be discarded into
nutritious meals, students highlight the potential of collab-
orative efforts in reducing waste and addressing systemic
issues.

UVic students also participate in other grassroots
movements like freeganism and dumpster diving, also
recovering edible food discarded by grocery stores and
restaurants throughout the city. These practices reflect a
broader cultural commitment to resourcefulness and sus-
tainability, often shaped by personal values and upbringing
in households that emphasize minimizing waste. Through
these actions, students not only reduce food waste but
also challenge societal norms around consumption, waste-
fulness and disposal, advocating for a more mindful ap-
proach to resource use and avoidance of waste.

3.3 Connecting Local Solutions to Global Challenges

The initiatives at JOOUST and UVic illustrate the power
of student-led, grassroots innovations in addressing food
waste. Whether through the application of traditional knowl-
edge to preserve food or creative community-based recov-
ery strategies, these efforts demonstrate how students can
lead in developing sustainable, locally relevant solutions.
By blending resourcefulness, adaptability, and critical re-
flection, these practices offer valuable lessons for tackling
food waste at both institutional and societal levels in in-
stitutions both in the global North and in the global South.

4. INSTITUTIONAL SUGGESTIONS FROM
STUDENTS

While students actively use innovative ways to reduce
food waste within their campus and local communities,
certain systemic issues remain beyond their direct control.
Factors such as large portion sizes, poorly prepared meals,
limited food variety, and inadequate infrastructure often
lead to unnecessary waste. Recognizing these challenges,
students at JOOUST and UVic have proposed several ac-
tionable measures their universities could adopt to foster
a more sustainable and waste-conscious dining environ-
ment. Promoting this dialogue at the institutions further
pushes for necessary change and adaptation. The follow-
ing sections outline their key recommendations.

4.1 Community Fridges

Students at both universities identified communal
fridges as a practical solution to reduce food waste and
address storage challenges. At JOOUST, where students
are not permitted to have personal refrigerators due to high
electricity costs, limited space, and fire safety concerns,
communal fridges could offer a centralized alternative. By
reducing the need for individual appliances, this approach
could lower energy consumption and alleviate space con-
straints in student housing.

At UVic, while students are allowed to bring personal
fridges, not all of them do, and those who have them often
underutilize the storage capacity. Communal fridges could
help optimize food storage, prevent waste from forgotten
or spoiled items, and save electricity costs across resi-
dences.

To succeed, communal fridges would require shared
responsibility. Universities could implement clear usage
guidelines with weekly cleaning schedules, and oversight
to ensure these resources remain hygienic and effective.
By promoting collective ownership, these fridges could
serve as a cost-effective, sustainable solution to address
food waste on campuses.

4.2 Portion Control

Fixed portion sizes in campus dining facilities, like
those at UVic, often result in over-serving and unnecessary
waste. With a “one-size-fits-all” approach to meal portions,
students frequently end up with more food than they can
consume. To address this, students at UVic proposed in-
troducing sliding scales and customizable portion options,
allowing individuals to select the quantity that best suits
their appetite.

Implementing plate size choices or a “build-your-own-
portion” system could significantly reduce waste while en-
hancing student satisfaction by catering to diverse needs.
Universities could also pair this initiative with awareness
campaigns promoting mindful consumption, encouraging
students to take only what they need and fostering a cul-
ture of sustainability.

4.3 Fair Treatment in Food Service

At JOOUST, students highlighted concerns about favor-
itism in food distribution, noting that this practice not only
causes dissatisfaction but also leads to unnecessary food
waste. Unlike UVic, where fixed portion sizes are standard,
JOOUST operates a pay-as-you-eat system, allowing stu-
dents to buy food based on their individual needs. How-
ever, some food vendors develop close relationships with
certain students, giving them extra food they may not fin-
ish, contributing to waste.

To address this, students suggested introducing meas-
ures to promote fairness in food service. Universities could
establish clear guidelines for portion sizes within the pay-
as-you-eat model to ensure all students receive equitable
treatment. An easy and fair approach would involve weigh-
ing plates with food servings and charging a per-kilo price,
allowing students to pay based on the exact quantity they
choose. Additionally, training food vendors on impartiality
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and accountability could help eliminate favoritism, while
regular monitoring and anonymous feedback systems
would encourage transparency. Specific support programs
targeted at food insecure students could make the differ-
ence for low and middle-income students. By addressing
these issues, universities can foster a more inclusive and
sustainable dining environment.

4.4 Food Quality and Variety

Students at both UVic and JOOUST emphasized the
need for better food quality and greater menu variety as key
measures to reduce dissatisfaction and associated food
waste. Poorly prepared meals, such as undercooked meat
or bland dishes, and repetitive menu options often result in
students discarding uneaten food. At JOOUST, the limited
options in the campus mess—mostly rice, beans, cabbage,
ugali (cooked maize meal) and occasionally chapati—leave
students feeling bored and unsatisfied. Similarly, at UVic,
repetitive vegan options and a lack of variety during dinner
hours were frequently cited as issues.

To address these concerns, universities could invest in
sourcing higher-quality ingredients and providing diverse
menu options tailored to different dietary needs, such as
vegan, gluten-free, and allergen-free meals. Rotating men-
us could reduce monotony, while partnerships with local
suppliers would ensure fresh, high-quality produce to be
used in meal preparation. Expanding dining hours, par-
ticularly for dinner, could also cater to students with busy
schedules, offering them more opportunities to access
fresh and appealing meals.

4.5 Food Labeling

Students at UVic identified the lack of clear food labe-
ling as a significant factor contributing to food waste on
campus. Without clear expiration dates or indicators of
freshness, students often discard food prematurely, un-
sure whether it is still safe to consume. This is especially
true for items like fresh produce such as dairy products,
fruits and vegetables that might look fine but have already
passed an undefined storage period.

To address this issue, universities could implement
standardized and consistent labeling practices across all
dining and retail outlets. Clear “use by” and “best before”
dates would provide students with confidence in food
quality. Adding freshness indicators, such as color-chang-
ing labels or packaging seals, could further help students
assess the usability of food items. However, the effective-
ness of these labels depends on students understanding
their meaning. Educational initiatives could accompany
these labeling efforts, clarifying the differences between
“use by” (indicating a health safety threshold) and “best
before” (relating to quality). Additionally, universities could
provide general guidelines, such as how many days certain
foods remain safe to consume past their labeled date, to
help students make informed decisions. Pairing this with
signage in dining halls could reduce confusion and empow-
er students to better manage their food, minimizing unnec-
essary waste.

Collaboration with suppliers is equally important to en-
sure food items arriving on campus are properly labeled

and meet these standards. Such measures would not only
reduce waste caused by uncertainty but also foster a cul-
ture of sustainability, empowering students to take more
responsibility for their food choices while minimizing un-
necessary waste.

4.6 Feedback Mechanism

Students at both UVic and JOOUST expressed con-
cerns about the effectiveness of feedback mechanisms
in addressing issues with campus food services. At UVic,
the smiley-face system, where students select their level
of satisfaction from options ranging from happy to angry,
was criticized for being too simplistic to capture detailed
concerns. While a dedicated email channel (eat@uvic.ca)
exists for submitting more specific feedback, many stu-
dents were unaware of its availability, highlighting the need
for better communication about existing tools.

At JOOUST, feedback mechanisms, while present in the
form of quarterly questionnaires, are not frequent or com-
prehensive enough to consistently capture student input
on food quality, service, or variety. This limited approach
can hinder efforts to address recurring concerns effective-
ly or identify broader trends in student satisfaction.

To address these challenges, both universities could
improve their feedback systems by making them more ac-
cessible and user-friendly. At UVic, increasing awareness
of existing options, such as the feedback email channel,
would encourage greater participation and ensure more
students to feel heard. At JOOUST, complementing the
quarterly questionnaires with additional tools like sugges-
tion boxes or digital platforms could provide students with
more frequent and flexible opportunities to share their in-
put. Strengthening these systems would enable both uni-
versities to gather more detailed and actionable feedback,
fostering a responsive and inclusive approach to improving
dining services.

5. FINAL CONSIDERATIONS AND NEXT
STEPS

The strategies and suggestions presented in this study
illustrate the vital role students play in addressing food
waste on university campuses. Their grassroots innova-
tions and practical solutions not only tackle immediate
challenges but also highlight opportunities for institutions
to adopt more sustainable and equitable food systems. By
integrating student-led efforts with institutional support,
universities can make meaningful progress toward reduc-
ing food waste while fostering a culture of sustainability
and collective responsibility. To build on these findings, the
following steps could be taken:

+  Enhance Institutional Commitment
Universities should formalize their commitment to
sustainability by implementing the student-suggest-
ed measures, such as introducing communal fridges,
improving food quality and variety, charging for food
by weight, and adopting clear food labeling practices.
These steps can reduce waste while improving the
overall campus dining experience.
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+  Strengthen Collaboration
Partnerships between students, faculty, food service
providers, and local suppliers are essential for the suc-
cess of these initiatives. Universities could create ad-
visory committees or task forces that include student
representatives to ensure their voices remain central in
shaping policies that reduce food waste.

+  Expand Awareness Campaigns
Universities should invest in educational initiatives
to promote mindful consumption and sustainability.
Workshops, campaigns, and informational sessions
can help students better understand food labeling, por-
tion control, and storage practices, empowering them
to make more informed decisions and be informed to
avoid food waste.

+ Monitor and Evaluate Progress
Regular assessments of implemented changes, sup-
ported by enhanced feedback mechanisms, will help
universities measure the effectiveness of these efforts.
Transparent reporting of outcomes can build trust and
encourage further participation from the campus com-
munity.

+  Expand the Research
Future research could investigate the long-term im-
pacts of these student-led and institutional initiatives,
assessing how they influence food waste reduction
and overall campus sustainability. Comparative studies
across other institutions could provide broader insights
into best practices and scalability.

By prioritizing these next steps, universities can align
themselves with global sustainability goals while directly
addressing the concerns and contributions of their stu-
dents. These efforts not only enhance the campus experi-
ence but also position universities as leaders in combating
food waste at both local and global levels.
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DETRITUS & ART / A personal point of view on Environment and Art

by Rainer Stegmann

In this version of the Detritus & Art page, | ask our read-
ers how far the high consumption of resources is accept-
able when it comes to creating art. To say it in a simplified
way, does art justify contributing to a high waste and ener-
gy production? | share some of my thoughts with you and
would appreciate your feedback (stegmann@tuhh.de).

I will explain what | mean by using two examples: We
all know about the wrapping of buildings from the artist
couple Christo and Jeanne-Claude (https://christojeanne-
claude.net). In the case of wrapping the German Reichstag
109 400 m? (1 094 ha) thick aluminium-coated Polypropyl-
ene (PP) textile was used. For fastening the plastic mate-
rial, 15.6 km of blue 3.2 cm wide polypropylene-rope (550
m?) was produced.

People could visit the wrapped Reichstag from 24.6 to
7.7. 1995, i.e., for about two weeks. The used material is
certified using the Oeko-tex ® test procedure for textiles to
make sure that the material is acceptable for human use
(Wikipedia).

For the wrapping of the Arc de Triomphe in Paris, about
4 ha of aluminium-coated Polypropylene (PP) tissue was
produced, from which 2.5 ha material was used. As men-
tioned by the organizer, Polypropylene, after use, can be
recycled by melting and pelleting; the pellets can be used
to make new PP. Unfortunately, | could not determine how
the aluminium coating was removed from the PP surface
and recycled. The plastic material was recycled by the Ger-
man company Luftwerker in Libeck. Also, due to the alu-
minium coating, recycling of the wrapping material must
have been demanding. Except for some environmental
groups, there was no significant discussion in the public
about the potential waste of resources because- and that
is often the argument that everything is fine- it is recycled.
However, looking at more details, we learn that PP recy-
cling is downcycling. Due to UNPD 2021, PP can only be
recycled one to two times. That means about 30 to 50%
of PP waste is produced. Recycling uses, in addition to its
production, about 2/3 of the energy has been used for the
new production of the PP (US EPA, https:// archive.epa.
gov > factoid). When the Al is separated from the Polypro-
pylene, aluminium recycling works well, combined with a
significant energy saving of about 95%. On the other hand,
energy for transport, installation, de-installation, and more
has to be considered.

The Italian-born Rudolf Stingel is another example of an
artist using - or shall | say wasting? - enormous amounts of
material. | saw his exhibition in 2013 in the Palazzo Grassi
in Venice, Italy (https://www.pinaultcollection.com/palaz-
zograssi/en/rudolf-stingel).

Cristo and Jeanne-Claude: The wrapped German Reichstag, Berlin,
1995 (Qwesy/Wikimedia Commons).

He covered floors, ceilings and walls on the ground
floor and the two upper floors of the Palazzo with oriental
carpets (not hand-made). In total, around 5000 m? of car-
pets were used. | asked the museum guard - he may not
have all the information - where the carpets would end up
after the exhibition; he said they all would become waste.
Even if the organizers once intended to recycle the carpets,
receiving useable recycling rates, if any, will be difficult or
practically impossible. Machine-produced carpets are pri-
marily made of different kinds of plastics and are generally
disposed of in landfills, or they are - as in Germany - almost
entirely incinerated.

| cannot make material and energy balances because
of lacking data but from the here presented information

Rudolf Stingel, Exhibition in the Palazzo Grassi, Venice, 2013.

Managing editor:
—\ Rainer Stegmann
[l email: stegmann@tuhh.de
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the reader gets an impression of the dimension of the pro-
duced waste and used energy. Coming back to my initial
question, can such an effort in material and energy con-
sumption be justified for a temporary art exhibition? Of
course, we have to protect the freedom of art, but are there
no limits....? Please give me your thoughts; | will then also
present mine.

In the next edition, | will
report on my summer week-
end in Varel, Germany, where
four artists created an out-
door exhibition titled “The
Guards of Sustainability”.
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