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WASTE MANAGEMENT IS PIVOTAL IN THE CROSSROAD BETWEEN
FOOD AND BIOCHAR PRODUCTION OUTCOMES

Introduction

Increases in farm food waste, like in other parts of our
globe, call for long-term sustainable solutions that will help
reduce the emergent associated environmental/health
risks. Besides, many food waste mitigation efforts largely
focus on retail and consumer stages. There remains con-
siderable food waste within the production phase, from
growing, harvesting, transportation, to storage/ processing
(Srivastava and Tonjes, 2025). However, biochar produc-
tion appears positioned as a promising problem-solving
approach applicable to farm food waste. When integrated
with on-farm operations, biochar production can poten-
tially improve farm viability while mitigating food waste
challenges. As biomass, organic waste, and agricultural
residues remain widely recognized as promising feed-
stocks for biofuel and energy production, thermo-chemical
processes can convert these wastes into valuable energy
products such as biochar, eventually becoming a sustain-
able and environmentally friendly solution (Rasaq et al.,
2021).

Biochar and its production

Biochar-a carbon-rich material, is generated by “roast-
ing” organic materials in a “pyrolyzer oven” operating at
high temperatures (350-700°C) with limited oxygen, able to
remove water and volatile organic compounds. Feedstocks
for biochar production can come from diverse sources but
need to be of low cost if the final product is to be econom-
ically viable (Rasaq et al., 2024). Key biochar production
process steps include a) Gathering feedstock to the pro-
cessing plant; b) Sorting, drying, and grinding (as needed),
and c) Feeding into the pyrolyzer. Biochar production, as
involving “thermochemical conversion” process (as shown
in Figure 1), operates by different process variations, name-
ly: a) Slow pyrolysis; b) Fast pyrolysis; ¢) Torrefaction; d)
Hydrothermal Carbonization (HTC); e) Gasification. HTC
is somewhat unique in the above list, as it operates at
180-374°C and 4-22 MPa to produce hydrochar and aque-
ous-phase products with- out requiring pre-drying. Tor-
refaction typically operates at 200-300°C with residence
times of 15-60 min. Pyrolysis, carried out at 300-700°C,
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FIGURE 1: Thermochemical conversion pathways for the valorization of diverse waste feedstocks. Feedstock types, pretreatment meth-
ods, thermochemical conversion routes, reactor configurations, products, and end-use applications are shown. Red dashed lines separate
the main stages of the technology chain. (Modified from Rasaq et al., 2024, Open Access - Creative Commons Attribution (CC BY) license)
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produces biochar, bio-oil, and syngas, while gasification
operates above 700°C to generate syngas rich in hydrogen
and carbon monoxide (Rasaq et al., 2024).

Farm food waste

Farm-level food waste alone accounts for approximate-
ly 16.8% of total U.S. food waste, highlighting the critical
role producers play in the overall efficiency of the supply
chain. By USDA, over one-third of food produced is either
lost or wasted before reaching consumers, with a substan-
tial portion at the farm level. For example, food loss/waste
in the U.S. is estimated to cost roughly $218 billion annual-
ly, emphasizing the enormous financial impact across pro-
duction, distribution, and retail (Divert, 2025). Farm food
waste can arise for several reasons: a) Crops dam- aged
in the field, rendering them unsaleable; b) Produce rejected
due to not meeting retailer specifications (i.e. blemishes,
color, or even size); ¢) Farm food waste caused by surplus,
where farmers obtain more crops than can be sold on the
market; d) Farm losses from unharvested crops due to
labor issues. Most food waste at the farm level is either
handled by being left in the field or ploughed back into soil
or grazed by animals. As such, it might not be completely
wasted, although most of its value is lost to the farmer. At
consumer end of food supply chain, massive amounts of
(food) waste increasingly taken to landfills /incinerators
calls for biochar production even more! When food waste
gets dumped at a landfill, it decomposes and releases
methane and CO, into the atmosphere relatively quickly,
before (landfill) been capped and gases captured. Thus,
by diverting food waste from landfills, biochar production
can reduce overall emissions of undesirable gases to the
atmosphere. Further, by removing large quantities of food
scraps (from homes, institutions, industry) from landfills,
biochar production reduces the space (landfills) occupied,
including environmental risks that arise from (landfill) leak-
age.

Pyrolysis
l 240-700°C

High temperatures

degrade organic material

@ Moisture removal & size reduction ﬁ :

Soil Remediation
& Carbon Sequestration

Biochar utilization

Biochar-amended soils have been shown to result in
enhanced crop yields from vegetable crops like lettuce,
and staple crops like maize and wheat. When incorporat-
ed into the soil, biochar from food waste can provide es-
sential nutrients to the crops, functioning in the capacity
of a slow-release fertilizer as shown in Figure 2, together
with other promising attributes such as soil water capac-
ity improvement, microbial community enhancement, and
long-term carbon sequestration (Blenis and Hue, 2023). In
this context, biochar should improve soil quality, support
remediation of contaminated soil(s), and reduce the need
for fossil-based soil amendments. If additional products
can be created during the biochar production process, the
systematic recovery of these valuable materials, products,
and energy from food waste should support both environ-
mental protection and economic growth - closely aligning
with circular (bio)economy and sustainable development
principles.

Some biochar examples tackling US farm food waste
There are promising examples in the United States where
biochar production via pyrolysis has helped manage
problematic agrifood waste. By converting crop residues,
husks, orchard pruning, and food scraps into a valuable
soil amendment, biochar supports a circular economy, se-
questers carbon, and enhances soil health. For instance, in
California’s Central Valley, biochar production from orchard
waste has reduced farm waste, created jobs, and contribut-
ed to a growing bioeconomy (AFT, 2020). Applied Carbon,
a U.S.-based start-up, has developed an agricultural robot
that efficiently converts plant waste into biochar, providing
a mobile and scalable solution for on-farm carbon cap-
ture and soil fertility enhancement (S Foundation, 2024).
Similarly, the non-profit Soil Cycle in Montana employs a
community-focused model: food scraps are collected via
e-bikes, processed into biochar, and returned to local gar-
den, demonstrating both waste reduction and soil impro-

Biochar Applications
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FIGURE 2: Biochar production from food waste via thermochemical conversion, including pretreatment (drying and grinding), pyrolysis
(240-700°C), product collection, and applications in fuel, adsorption, and soil remediation (illustration created by Waheed A. Rasaq).
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vement at a regional level (National Center for Appropriate
Technology). Additionally, the American Farmland Trust
has documented the economic and agronomic benefits of
biochar production through partnerships with farmers, in-
cluding almond orchards in California (AFT, 2020). The U.S.
Forest Service’s Rocky Mountain Research Station (RMRS)
also conducts active research on biochar, exploring its ap-
plications in soil health, pollution mitigation, and carbon
sequestration, often using forest slash as feedstock.

The (above-mentioned) examples reveal situations
that demonstrate opportunities of laboratory-scale re-
sults translate to large-scale U.S. waste management/soil
amendment systems. Furthermore, the diverse nature of
food waste, and the challenges associated with biochar
production via pyrolysis makes more relevant the need
for increased extension outreach efforts to increasingly
educate many more US households, foodservice and all
relevant (food waste) producing industries. Expanding
extension outreach/knowledge base to include agricultur-
al engineering/processing experts specialized in tackling
food waste biochar production via pyrolysis will further
support the capacities of those tackling environmental
health impacts/risks associated with (food waste) dispos-
al/removal.

Challenges and opportunities for biochar from food wa-
ste

Despite biochar production’s ability to subject organic
biomass of water-rich environment to high temperatures/
pressures, the food waste still presents distinct limitations
(for biochar production application), namely: a) its compo-
sition can vary widely; b) it tends to be high in moisture;
c) its availability tends to vary over the course of the year;
and d) the volume available at one location may not match
the size needed for industrial biochar production or for the
local biochar market For instance, U.S. food waste are be-
lieved to typically contains higher proportions of processed
foods, meats, dairy products, oils, and packaged items
compared to laboratory-prepared or model food waste
streams (EPA, 2023).

Differences in food waste composition can signifi-
cantly influence pyrolysis performance, including biochar
yield, energy recovery, and emissions behavior. Food waste
streams rich in lipids and proteins-such as those common-
ly found in U.S. households-tend to exhibit higher energy
potential during thermal conversion but also introduce op-
erational challenges (Su et al.,, 2022). Beverage, sauce, and
fresh produce emerging from U.S. household disposal fur-

ther elevates the varying moisture content of food waste,
which can reduce thermal efficiency and increase pre-treat-
ment energy requirements.. One possible approach to han-
dling these challenges could be to incorporate Anaerobic
Digestion as a preprocessing step. Besides, some farms
that already have digesters for processing manure also uti-
lize some food waste, with generally positive results. The
addition of biochar production to the system could result in
greater benefits to the farmer and to the community.

Concluding Remarks

Overall, converting agrifood waste into biochar repre-
sents a promising strategy to simultaneously address
organic waste streams, soil degradation, and renewable
energy needs. The development of effective thermal tre-
atment strategies, with recommendations for improving
biochar quality, highlights the potential of thermochemical
conversion as a sustainable, circular solution to the food
waste challenge in the US.
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ABSTRACT

Waste generators, particularly at the household level, waste collectors, and local gov-
ernments play pivotal roles in municipal solid waste management (MSWM) systems
worldwide, especially in developing countries. In the Indian state of Kerala, waste
collection has been formalized through a predominantly female workforce known as
the Haritha Karma Sena (HKS), which undertakes door-to-door collection of non-bio-
degradable waste from households. This initiative has significantly enhanced the
efficiency of MSWM in the state. To systematically evaluate the performance of HKS
and other key stakeholders in the MSWM system, this study proposes a comprehen-
sive scoring system developed using the Delphi method. The framework encompass-
es twenty parameters across three primary stakeholders: waste generators, Haritha
Karma Sena waste collectors, and Local Self Government Institutions (LSGIs). The
scoring system is designed to identify critical performance gaps and guide improve-
ments, ultimately enhancing the overall efficiency of MSWM in Kerala. Moreover, this
model holds potential for adaptation in other developing countries with similar waste
management challenges.

1. INTRODUCTION

The continuous increase in urban population, along
with an improvement in their standard of life have led to a
substantial rise in the annual generation of municipal sol-
id waste (MSW) (Singh, 2021; Singh, 2023a, b). This rise
in generation has necessitated a paradigm shift in the ap-
proach to managing MSW the world over. In many countries,
municipal solid waste management (MSWM) systems are
currently undergoing a transitional phase aimed at safe-
guarding public health from waste-related hazards while
promoting circularity. However, these efforts are often im-
peded by a lack of reliable, comprehensive, and high-quality
data, which are essential for informed decision-making and
effective system improvements (Singh, 2025). This situa-
tion underscores the need for continuous enhancements
and revisions in MSWM systems (Singh, 2024). A perfor-
mance evaluation system based on suitable indicators
becomes important in this context. Such a system helps
track progress during the transition, ensures accountabil-
ity, supports evidence-based decision-making, facilitates
benchmarking and standardization, enhances transparen-
cy and public trust, and drives continuous improvement.

A review of 63 works spread across four continents
(Africa, Europe, America and Asia) and 32 countries iden-
tified various performance indicators (PI) for MSWMs that
were classified under different heads: technical, environ-
mental, economical, exogeneous, social and institutional
(Colivicchi et al., 2025). A study conducted in Nagpur, India,
on the evaluation of MSWM systems using Technical In-
dicators (TI) provided a valuable resource for establishing
ground-level support mechanisms and incentive-based
schemes, particularly to strengthen the role of the informal
sector in MSW management (Singh, 2025). A well-struc-
tured scoring system improves the policy decision-making.
A study on the effectiveness of construction and demoli-
tion waste management (CDWM) across 11 cities in Chi-
na based on the performance indicators revealed a lack of
coordinated development between CDWM outcomes and
supporting guarantee systems (Wu, 2024). In a study con-
ducted in Patras, a city in Western Greece, the performance
indicators objectively assessed ‘Circularity’ in MSWM (Em-
manouil et al., 2025).The eight indicators, namely, munici-
pal waste generation, municipal waste recycling rate, food
waste generation, bio-waste recycling, glass packaging
recycling, paper and cardboard recycling, collected quan-
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tities of waste electronics and material reuse rate, were
effectively used to measure the extent of circularity in the
MSWM of the city. These Pls also showed the bottlenecks
in the implementation of Circular Economy (CE)-based
MSWM of a city like Patras. Performance indicators offer
a good solution to the poor data management that hinders
the identification of improvement opportunities and bench-
marking of the performance. In a Sri Lankan study of 22
composting stations situated in urban and peri-urban are-
as, the four composite key performance indicators, Gener-
al Facility Management Index (GFMI), Composting Process
Management Index (CPMI), Compost Quality Index (CQl),
and Cost Recovery Index (CRI), helped local authorities to
improve the efficiency of MSWM (Manipura et al., 2025).

The Solid Waste Management Rules, 2016, notified by
the Government of India, marked a significant policy shift
by placing the responsibility for the segregated collection,
transportation, treatment, and scientific disposal of solid
waste on the Local Self Government Institutions (LSGls),
with a particular focus on urban bodies. In response, sev-
eral states developed localized waste management frame-
works to align with these rules. Among them, the state of
Kerala has implemented a notable decentralized and com-
munity-centric model through the establishment of the
Haritha Karma Sena (HKS).

This study proposes a structured performance assess-
ment framework designed to evaluate the contributions of
three principal stakeholder groups within the MSWM sys-
tem of the state: waste generators (households), waste
collectors (HKS personnel), and the regulatory authority
(LSGI). The scoring system developed serves not only as a
tool for performance benchmarking and accountability but
also as an instrument for motivating continuous improve-
ment by identifying best practices and highlighting areas
requiring attention.

Unlike many existing scoring systems (Cai et al., 2025,
Colivicchi et al., 2025, Manipura et al., 2025) this case-spe-
cific scoring system evaluates the performance of an
MSWM framework by assessing the efficiency of individu-
al primary stakeholders rather than the system as a whole,
thereby enabling more targeted and effective interven-
tions. The framework is designed to be scalable and adapt-
able across diverse local governance contexts, including
panchayats, municipalities, and urban local bodies. Unlike
indicators commonly used to assess MSWM systems in
developing countries, the proposed method is based on
real-time, field-level data. Owing to its reliance on real-time
inputs, the scoring system is inherently dynamic and can
be effectively applied at different LSGI levels, where re-
sponsibilities for waste management and safe disposal
are clearly defined under existing legislation. The approach
provides a clear, systematic, and replicable methodology
that helps in customizing the scoring systems for use in
societies with comparable municipal solid waste collec-
tion and management practices. By promoting transparen-
cy, encouraging behavioural change, and facilitating more
effective policy implementation, the proposed model can
contribute to the broader objective of achieving sustaina-
ble and inclusive solid waste management.

2. METHODOLOGY
2.1 Study area and context of the study

The state of Kerala (Figure 1), laying along the south-
west coast of India (8°17'30” N to 12°47°'40” N and
74°27'47" E to 77°37'12" E), is divided into 14 major rev-
enue administrative units called Districts. As per census
2011(the last official census to be carried out in India) the
total population of the state is 33.41 million with a densi-
ty of 860/km? which is much higher than the national av-
erage of 382/km?2. Kerala experiences a tropical climate,
characterized by mild winds and heavy monsoon showers.
There are three distinct seasons - South-West monsoon
(June-September), North-East monsoon (October — De-
cember) and summer (March- May). The winter season in
Kerala during the months of December to February is not a
marked one, compared to other parts of India.

Kerala is among the top states in India with high
per-capita Gross State Domestic Product (GSDP) at con-
stant price of ¥1,62,992 in 2021-22, the corresponding na-
tional average being ¥1,07,670. The state is known for its
success in decentralized planning, devolving power to lo-
cal democratic entities. The three-tier system of LSGI com-
prises Gram Panchayats, Block Panchayats, and District
Panchayats. In addition, there is separate governing struc-
ture for urban centres- Corporations for the major cities
and municipalities for the other cities. Presently, Kerala’s lo-
cal self-government framework encompasses 941 Grama
Panchayats, 152 Block Panchayats, 14 District Panchayats,
87 Municipalities, and 6 Corporations with a Ward or Divi-
sion (consisting of 400-450 households) representing the
smallest sub-unit of the these LSGls. The Department of
Local Self-Government shoulders the responsibility of or-
chestrating the activities of these 1200 local bodies.

Central Pollution Control Board (CPCB), the statutory
authority that monitors pollution and waste management
in India, has reported the MSW generation in the urban and
semi-urban areas in the state of Kerala as 3472 TPD in the
year 2021-22. The national figure for the year was 1,70,462
TPD. The gap between generation and treatment in Kerala
was 781 TPD for this year(MSW_AnnualReport_2021-22
CPCB, n.d.). The annual waste generated, as per the state
nodal agency for waste management, the Suchitwa Mis-
sion, is 3.7million tonnes (~300 g/person/day). Biodegrad-
able fraction of the waste is 69% and the remaining 31% is
non-biodegradable fraction. 79% of the non-biodegradable
fraction has got a good calorific value which encourages
the state to segregate the waste properly (Suchitwa mis-
sion, 2021)

The Government of Kerala has adopted a policy for sol-
id waste management with two strategies:

- Decentralised waste management;
+  Centralised waste management wherever necessary.

Figure 2 shows the process flow diagram of the Waste
management in Kerala.

The Decentralized Solid Waste Management (DSWM)
as conceived in Kerala, is a system involving the segrega-
tion and processing of waste at source to the maximum
extent possible and then at the community level. There are
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FIGURE 2: Flow diagram of Waste management in Kerala state
(Source: Suchitwa Mission, Kerala).

different methods for the treatment of biodegradable and
non-biodegradable waste in such a system. While com-
posting and biomethanation are common methods used
for treatment of biodegradable waste, non-biodegradable
wastes are collected and made available for recycling pro-
cesses. The aim is to substantially reduce the amount of
waste reaching the landfill sites and minimise the associ-
ated issues.

2.2 Haritha Karma Sena

The Haritha Karma Sena (HKS, meaning the green work
force) in Kerala, is a structured waste management work
force operational since 2017 under the Haritha Kerala
Mission. It serves as a decentralized, community-driven
initiative aimed at enhancing municipal solid waste man-
agement (MSWM) at the local level. Comprising primarily
women, the HKS operates under the supervision of Local
Self Government Institutions (LSGls). Each LSGI deploys at
least a two-member HKS team per ward, managing waste
collection from approximately 300 to 500 households
monthly.

This model focuses on the door-to-door collection of
segregated non-biodegradable waste, followed by the
systematic sorting, resource recovery, and channelization
of recyclables to authorized units. By promoting the prin-
ciples of recycling and circular economy, the HKS signif-
icantly mitigates landfill dependency and environmental
pollution. The HKS model offers valuable insights for rep-
lication in other urban and semi-urban contexts across In-
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dia and other developing countries. Although the initiative
has substantially improved waste management practices
statewide, the absence of a performance appraisal mech-
anism impedes a systematic evaluation of the roles and
effectiveness of its key stakeholders.

2.3 Procedure for Scoring System development

The stages involved the formulation of the scoring sys-
tem are:

i. Based on literature survey and discussions with subject
experts and officials in charge of the MSWM system, a
preliminary scoring system was developed;

ii. The scoring system developed was shared with experts
for their inputs through a Delphi process;

iii. Based on the expert inputs, the scoring system was fur-
ther refined and finalised.

Numerous studies have highlighted that the use of per-
formance indicators can significantly enhance the effec-
tiveness of municipal solid waste management (MSWM)
systems by enabling systematic evaluation and continuous
improvement. In the present study, a preliminary scoring
framework was developed through consultations with 25
experts, including academic researchers and field-level
practitioners involved in MSWM in the state of Kerala. The
expert panel comprised 13 academics actively engaged in
teaching and research on MSWM and 12 field-level profes-
sionals involved in the implementation of MSWM systems
at the local level. The experts possessed professional ex-
perience ranging from 8 to 15 years in the field. The frame-
work aimed to assess the performance of three key stake-
holder groups: household-level waste generators, Haritha
Karma Sena (HKS)- the waste collectors, and the LSGls
responsible for coordination and oversight.

The initial framework was structured around nine main
criteria and 24 sub-criteria, covering various dimensions
of stakeholder performance. To validate and refine these
indicators, a two-round Delphi method was employed. A
panel of 15 waste management experts was invited to
evaluate the relevance and applicability of each criterion
and sub-criterion for inclusion in the final scoring sys-
tem. A consensus threshold was applied, whereby any
sub-criterion receiving over 50% of responses indicating
irrelevance was excluded from the framework. This en-
sured that the final system retained only those indicators
considered meaningful, widely accepted, and practically
applicable.

Based on expert feedback, two sub-criteria—namely,
“training attendance” under the HKS based waste picker
stakeholder group and “infrastructure availability” under
the LSGI stakeholder group—were excluded due to limited
perceived relevance. The finalized scoring framework thus
consisted of 22 sub-criteria distributed under nine main
criteria. Each indicator was defined using quantifiable pa-
rameters, which were subsequently rated and assigned
weights, resulting in a robust and adaptable performance
assessment tool for evaluating decentralized MSWM sys-
tems.

3. RESULTS AND DISCUSSION
3.1 Scoring System

The scoring system for the key stakeholders- waste gen-
erators, waste pickers and LSGls- was formulated based
on clearly defined criteria and sub-criteria that reflect their
specific responsibilities, such as waste segregation, ser-
vice quality, operational efficiency, and resource manage-
ment. By converting day-to-day practices into measurable
indicators, the system provides a transparent and stand-
ardized method to monitor, compare, and improve waste
management outcomes.

Table 1 gives the identified criteria for evaluating the
HKS based MSWM in the state of Kerala after expert opin-
ion survey findings and following a due process in the
Delphi analysis. After these criteria identification, the next
step was to develop a scoring system based on these cri-
teria.

3.2 Waste Generators

Household-level waste generators are one of the pri-
mary stakeholder groups in MSWM. A dedicated scoring
system was developed to assess their performance, struc-
tured around three main criteria and nine sub-criteria.

3.2.1 Waste Generation

The first main criterion identified for evaluating house-
hold-level waste generators was ‘waste generation’. This
was assessed using two sub-criteria: Per Capita Genera-
tion Score (PGS) and Efforts to Reduce Waste (ERW). The
PGS indicator measures the average quantity of non-biode-
gradable waste (NBW) generated per person per day within
a household. It serves as a direct metric to quantify waste
generation behaviour. Households were scored based on
their PGS values, using the following scoring equation:

PGS = Total NBW for N days/N*household size @)

The second sub-criterion, Efforts to Reduce Waste
(ERW), evaluates the initiatives undertaken by households
to minimize waste generation at the source. This includes
practices such as reducing packaging, reusing materials,
and adopting low-waste lifestyle choices. The Waste Re-
duction Score (WRS) was developed to quantify these ef-
forts, using the following equation:

WRS = Practices adopted by household/Total applicable practices

2)

The list of practices and its evaluation method is de-
scribed in the Table 2.

3.2.2 Segregation

Household-level segregation of non-biodegradable
waste (NBW) was assessed using four sub-criteria: seg-
regation accuracy, segregation consistency, availability of
required bins, and a segregation quiz. The scoring system
was developed for the first three sub-criteria, while the
segregation quiz is designed to be conducted quarterly at
the household level to evaluate improvements in residents’
knowledge of waste management practices. The Segre-
gation Accuracy Score (SAS) measures how accurately
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TABLE 1: List of stake holders and the criteria for the evaluation.

Stake holder

Main Criteria

Sub criteria

Score name

Waste Generators

Waste generation

Per Capita Generation

Per Capita Generation Score (PGS)

Efforts to reduce waste

Waste reduction score (WRS)

Segregation

Accuracy

Segregation accuracy Score (SAS)

Consistency in segregation

Consistency score (SCS)

Presence of required bins

Bin availability score (BAS)

Segregation quiz

Quiz (SQS)

Handling Habits

Pre-treatment of Waste

Pre-treatment Score (PTS)

Avoidance of littering and open dumping : Littering Avoidance Score (LAS)

Timeliness of Disposal

Timeliness of Disposal score (TDS)

Waste Collectors

Service Quality

Collection Coverage Rate

Collection Coverage Score (CCS)

Mismatch Error

Quantity mismatch score (QMS)

On Time Collection Rate

On Time Collection Score (TCS)

Interactions with Generators

Household Satisfaction

Household Satisfaction score (HSS)

Interaction with Authorities

Timely execution of duties

Timely execution score (TES)

LSGI authorities

Support for Collectors

Timely disbursement of wages

Wage timeliness score (WTS)

Provision of equipment

Equipment availability score (EAS)

Adequate working conditions

Adequate working conditions score
(wces)

Handling of collected waste

Recycling rate

Recycling rate score (RRS)

Facility downtimes

Facility Downtime score (FDS)

Resource management

Budget utilization

Budget utilization Score (BUS)

Staff strength

Staff strength Score (SSS)

Issues resolved

Issues resolved score (IRS)

households separate waste into the appropriate catego-
ries (e.g., organic, recyclable, non-recyclable). The Segrega-
tion Consistency Score (SCS) assesses the regularity with
which proper segregation practices are maintained. The
Bin Availability Score (BAS) evaluates whether households
possess the necessary color-coded bins corresponding to

(SQS) will be arrived based on the number of correct an-
swers provided by the households.

The scoring equations for these sub-criteria are as fol-
lows:

Segregation Accuracy Score (SAS) = Number of categories house-
hold segregates into/ Number of waste types generated by the

different waste categories. The Segregation Quiz Score

household

TABLE 2: List of practices for waste reduction at source.

©)

Practice Example Verification
1) Reduction of Single- use Plastics Avoiding plastic bags, disposable cups, etc. Spot check
2) Use of Reusable Bags, Containers & Bottles Cloth totes, steel lunchboxes, glass containers Spot check
3) Buying in Bulk to Reduce Packaging Waste Buying whole grains in bulk instead of packaged Spot check

items

4) Repair and maintenance of Electronics

Reusing old phones, participating in take-back or
swap programs

Verify records/physical verification

5) Donation & Reuse of Clothes and Other Items

Donating unused clothing and items to charity

Proof of donation (receipt/photo) / spot check

6) Use of natural cleaning Using homemade detergents, Vinegar-based Spot check
cleaners etc.
7) Reducing paper usage Using digital copies instead of printed Spot check

8) Avoidance of Overpacked & Disposable items

Preferring loose vegetables, avoiding individually
wrapped items

Spot check (packaging/unnecessary wrapping)

9) Repurposing & Upcycling Items Instead of
Discarding

DIY projects using waste material, converting old
clothes into bags

Spot check survey/verification

10) Composting of Organic Waste (Only if Appli-
cable)

Backyard composting

Physical check

11) Participation in Community Waste Reduction
Initiatives

Zero-waste workshops, swap shops, repair cafés

Survey
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SCS = Days with correct segregation/Total collection days @)
BAS = Bins available/Bins needed (5)

SQS = Questions answered correctly/Total number questions ask
ed (6)

3.2.3 Handling Habits

The handling habits of households were evaluated us-
ing three sub-criteria: (i) pre-treatment of waste, (i) timely
disposal of generated waste, and (iii) avoidance of littering
in the surroundings. The Pre-Treatment Score (PTS) as-
sesses whether households perform any preparatory ac-
tions—such as washing, drying, or compressing waste—pri-
or to disposal. The Timely Disposal Score (TDS) measures
the promptness with which waste is disposed of according
to the scheduled collection days. In calculating the TDS,
the number of days during which waste was ready for col-
lection is compared against the total number of scheduled
collection opportunities within the review period. The third
and final sub-criterion, Avoidance of Littering and Open
Dumping, evaluates adherence to proper waste dispos-
al practices. The Littering Avoidance Score (LAS) will be
calculated based on the littering instances noticed in and
around the housing premises during the household visits
for the collection of waste.

The scoring equations are as follows:

PTS = Amount of waste Pre-treated/Total amount of pre-treatable
waste generated 7)

TDS = Timely disposal/Total disposal opportunities (8)
LAS = No of littering instances/Total number of inspections ~ (9)

The final score for the household level waste genera-
tors, Waste Generator Score (WGS) as described in equa-
tion 13, will be a proctored fraction score between 0 and 1
and will be arrived based on the three main-criteria score
as described in equation 10, 11 and 12.

Waste generation Score = (PGS+WRS)/2 (10)
Segregation Score = (SAS + SCS + BAS + SQS)/4 an
Handling habit Score = (PTS +TDS + LAS)/3 (12)

Waste generators(Households) Score (WGS) = (Waste generation
score +Segregation score + Handling habits score)/3 (13)

3.3 Waste Collectors

The performance of HKS-based waste collectors was
evaluated using three key criteria: service quality, interac-
tion with waste generators, and interaction with local au-
thorities. A scoring system was developed to assess these
dimensions comprehensively.

3.3.7 Service quality

Service quality of HKS-based waste collectors was
assessed using three sub-criteria: collection coverage, on-
time collection rate, and mismatch error. The Collection
Coverage Score (CCS) represents the percentage of house-
holds receiving waste collection services. The on-time
collection will be assessed based on the Timely Collection
Score (TCS) which measures the punctuality and adher-
ence of collection activities to the scheduled timings. The

mismatch error will be evaluated as Quantity Mismatch
Score (QMS) which monitors instances of incorrect waste
collection or missed pickups. The scores for these sub-cri-
teria were calculated using the following equations:

Collection coverage score (CCS) = Household served/Total house-
hold assigned (14)

Timely collection score (TCS) = Total collections on time/Total
schedule collections (15)

Quantity Mismatch Score (QMS) = Total weight of waste from
households/Total weight of waste at collection centre (16)

3.3.2 Interaction with Generators

Interaction with household-level waste generators was
evaluated using a single sub-criterion, the Household Sat-
isfaction Score (HSS), which gathers feedback from house-
holds to assess the quality of service and responsiveness
of waste collectors. The HSS was calculated using the fol-
lowing formula:

HSS = (households satisfied/total household surveyed) 17)

3.3.3 Interaction with Authorities

This sub-criterion was evaluated through the Time-
ly Execution of Duties Score (TES), which measures how
promptly and effectively collectors perform their assigned
responsibilities.

TES = (actual time taken for duty/Time allotted for duty) (18)

The final score for the HKS based waste pickers, Waste
Picker Score (WPS) as described in equation 20, will be a
proctored fraction score between 0 and 1 and will be ar-
rived based on the three main-criteria score as described in
equation 17,18 and 19.

Service quality Score = (CCS+TCS+QMS)/3 (19)

Generators interaction Score = HSS
Authority interaction Score = TES

Waste Pickers, HKS, Score (WPS) = (Service quality score + Gener-
ators interaction score + Authority interaction score)/3 (20)

3.4 LSGI Authorities

The Local Self Government Institutions (LSGIs), which
support the Haritha Karma Sena (HKS) and oversee the
implementation of municipal solid waste management
(MSWM), shall also be evaluated in this system. Their role
in relation to both waste generators and waste collectors
was assessed using a scoring system developed around
three main criteria, further detailed by six sub-criteria.

3.4.1 Support for Collectors

LSGI support for waste collectors was evaluated based
on three sub-criteria: timely disbursement of wages, equip-
ment availability, and adequate working conditions. The
Wage Timeliness Score (WTS) assesses whether payments
to collectors are made punctually, as verified through pay-
roll records and wage receipts. The Equipment Availability
Score (EAS) measures the provision of necessary tools and
protective gear to collectors. Lastly, the Adequate Working
Conditions Score (WCS) evaluates the overall work envi-
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ronment with respect to safety, hygiene, and institutional
support. The WCS was calculated using criteria outlined in
Table 3.

The score equations are as follows:

WTS = Wages paid on time/Total wages due (21)
EAS = Total equipment provided/Total equipment required ~ (22)

WCS = score for no. of conditions satisfied/maximum score (23)

3.4.2 Handling of Collected Waste

The efficiency of Local Self Government Institutions
(LSGIs) in handling collected waste was assessed using
two sub-criteria: the Recycling Rate Score (RRS) and the
Facility Downtime Score (FDS). The RRS quantifies the per-
centage of non-biodegradable waste (NBW) that is effec-
tively recycled, reflecting the success of resource recovery
efforts. The FDS evaluates the operational efficiency of
waste processing facilities by tracking their downtime dur-
ing the assessment period. The equations used to calcu-
late these scores are provided below:

RRS = Recycled waste/Total Recyclable waste (24)

FDS = No. of days facilities were down/Total no. of operations days
(25)

3.4.3 Resource Management

Resource management at the LSGI level, with respect
to both waste generators and collectors, was evaluated
using four sub-criteria. The Budget Utilization Score (BUS)
measures how effectively the allocated funds for waste
management are utilized. The Staff Strength Score (SSS)
assesses the adequacy of staffing levels and the efficiency
of workforce management. Additionally, the effectiveness
of addressing operational challenges within the MSWM
system was assessed through the Issue Resolving Score
(IRS), which compares the number of issues reported

TABLE 3: Adequate working conditions.

Score

Factors Assessment Criteria
Above min wage with benefit 3
Wage & Benefits Min wage with no benefit 2
Below min wage 1
Regular health checkups 3
Access to Medical Irregular checkups 2
Checkups 9 P
No medical support 1
Fair workload per worker 3
Workload Feasibility Slightly overloaded 2
Highly overloaded 1
Adequate breaks & rest areas 3
Rest Breaks & Facilities Few breaks 2
No rest facilities 1
Proper ventilation & temperature 3
Ventilation & Air Quality Some ventilation 2
at work -
No ventilation & uncomfortable 1
working temperature

to those resolved. The final scoring equations for these
sub-criteria are presented below:

BUS= (Fund spent/Total fund allotted in Budget) (26)
SSS= (Active work force/Total work force required) (27)
IRS = (Issues reported/issues resolved) (28)

The final score for the LSGI authority, LSGI Score as de-
scribed in equation 32, will be a proctored fraction score
between 0 and 1 and will be arrived based on the three
main-criteria score as described in equation 29,30 and 31

Support Score = (WTS+EAS+WCS)/3 (29)
Handling Score = (RRS+FDS)/2 (30)
Resource management Score = (BUS+SSS+IRS)/3 (31)

Final score of the LSGI Authority, LSGI Score = (Support Score +
Handling score + Resource management score)/3 (32)

3.5 Weightage to Scoring system

Each main-criterion for the three key stake holders
was then distributed among Seven field level experts for
arriving a weightage to each of the main criterion in the
implementation at the field level. The weights so assigned
is summarised below

3.5.1 Waste Generators

The experts have the opinion of giving equal weightage
to the two main criteria namely waste generation and seg-
regation and a lesser weightage to handling habits. Accord-
ingly, the weights assigned by the experts was as follows

Waste generation = 0.4
Segregation = 0.4
Handling habits score = 0.2

Hence the equation given 13 was modified as:

WGS = (0.4*Waste generation Score + 0.4*Segregation Score +
0.2*Handling habits Score)

3.5.2 Waste collectors

The experts were of the opinion that Service quality
must be given a higher weightage than the other two cri-
teria and the weights assigned based on the feedback of
experts are as follows:

Service quality = 0.50
Generators interaction = 0.25
Authority interaction = 0.25

The final equation given in 20 was modified as below:

WPS = (0.5*Service quality score + 0.25*Generator interaction
score + 0.25*Authority interaction score)

3.5.3 LSGI Authorities

The opinion of the experts was that all the three criteria
can be given an equal weightage so that the entire system
functions effectively and efficiently and hence the equation
given in 32 is valid after assigning a weightage.

During the initial phase of implementing the scoring
system, equal weightage was assigned to each sub-crite-
rion score. The average of these sub-criteria scores was
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calculated to determine the score for each main criterion,
which was then averaged to produce a final performance
score for each stakeholder group. The scoring system is
designed to be dynamic; sub-criteria scores will be moni-
tored regularly, and as improvements are observed in spe-
cific sub-criteria, differential weightage will be assigned
accordingly. This adaptive weighting approach aims to in-
centivize continuous improvement and enhance the overall
efficiency of the MSWM system.

The performance of the three key stakeholders—name-
ly household-level waste generators, HKS waste collectors,
and the LSGI authority—will be qualitatively ranked using
a five-level scale, as presented in Table 4, based on their
respective final scores.

3.6 Discussion

The current study developed a scoring system for the
main MSWM stakeholders, including waste producers,
waste collectors, and local governments that carry out and
are accountable for the safe disposal of waste in accord-
ance with current national regulations. This decentralized
scoring approach, which evaluates each stakeholder using
a primary criterion and a sub-criterion, aids in identifying
each stakeholder’'s weaknesses and evaluating the stake-
holder’s performance based on their functionality.

This strategy encourages long-term environmental,
economic, and social sustainability within MSWM systems
and enables more informed decisions, as demonstrated
by a performance assessment model study carried out in
Qassim Province, in the central region of the Kingdom of
Saudi Arabia, Alhumid (2019). This scoring system func-
tions as an effective tool for benchmarking municipal solid
waste management practices in various local bodies. Addi-
tionally, the current study highlighted how these variables
allow for comparisons across towns inside and within ad-
ministrative regions.

These scores in the 22 parameters are useful not only
for the local organizations that implement the MSWM but
also for analyzing the state’s administrative districts’ per-
formance. This method will be helpful for identifying the
gaps in each district and for a statewide integrative ap-
proach to the MSWM system. Waste management oper-
ations in the state of Kerala are overseen and guided by
the designated nodal agency, Suchitwa Mission (www.su-
chitwamission.org). The same agency could also oversee
the implementation of the proposed scoring system. In this
role, Suchitwa Mission may be responsible for conducting
evaluations, providing feedback, recommending improve-
ments, and instituting recognition mechanisms, such as

TABLE 4: Performance assessment of key stake holders.

Score of stake holder Performance of key stake holders

Greater than 0.85 Excellent Performance

0.7-0.85 Good Performance
0.5-0.7 Average Performance
0.3-0.5 Below Average Performance

Less than 0.3 Poor Performance

awards, to acknowledge best-performing local bodies or
stakeholders across various categories.

The proposed scoring system shall also be useful in ad-
dressing the state’s restricted landfill capacity as a result
of its dense population and in advancing the development
of an MSWM system that is more focused on the circular
economy. A similar case is addressed in a study carried
out in the city of Jakarta which confronts pressing munici-
pal solid waste management (MSWM) issues, with limited
landfill capacities and rampant illegal dumping in slum and
non-slum areas, exacerbating land consumption challeng-
es (Suryawan & Lee, 2024). The study used twelve indica-
tors across five adaptive capacity dimensions, correlating
them with the Importance-Performance (I-P) metrics and
the participant demographics. This study helped both slum
and non-slum communities to underscore the importance
of bolstering the circular economy and waste segregation.
While a pronounced awareness regarding waste treatment
was observed among non-slum residents, the individuals
from slum locales indicated a greater need for focused
encouragement and resources to engage in waste segre-
gation initiatives effectively. The insights from this study
are pivotal for urban planners, policymakers, and scholars.
Using the stakeholders’ scores, our study evaluates the
performance of important MSWM system participants in
the state of Kerala. More involvement in source-level waste
management is encouraged by this scoring system, which
also makes it possible to identify operational inefficiencies
and implement data-driven ward-level improvements. In-
centive mechanisms like tax rebates can be devised. The
LSGI Score shall serves as a benchmark for assessing LS-
Gls’ performance throughout the state. This score makes it
possible to identify systemic issues and provides guidance
for focused activities meant to improve Kerala's MSWM
framework as a whole.

The state of Kerala's implementation of the HKS sys-
tem, which formalized waste collection, represents a new
change in MSW management that can be embraced by
developing nations worldwide. The scoring system estab-
lished for the HKS can be utilized as measure of the for-
malisation in the MSWM which is absent in the system
when the globe is moving towards a Circular Economy (CE)
based MSWM

The present study also has certain limitations. Meth-
odological constraints include the exclusion of stakehold-
ers’ perspectives during the development of the grading
system and the relatively small number of experts (n = 25,
for criteria identification, n=7 for assigning weights to cri-
teria) involved in the Delphi process. In addition, the limit-
ed participation of specialists in the system development
discussions may have restricted the identification of more
comprehensive and contextually relevant parameters in the
initial framework. Another limitation is the context-specific
nature of the scoring system, which was developed for an
MSWM system that rely on manual door-to-door collection
of non-biodegradable solid waste in response to a legal
requirement. An operational limitation of the study is the
absence of rigorous field testing of the scoring system.

Future studies may focus on improving the proposed
scoring system by addressing the identified limitations
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and by incorporating sustainability considerations into key
parameters such as waste composition, waste streams,
and technical capabilities. Evidence from a case study
conducted in Istanbul, Turkey (Ak & Braida, 2015) suggests
that such integration can significantly enhance municipal
solid waste management. This approach may facilitate the
identification of best practices while promoting account-
ability and continuous improvement among local authori-
ties. Additionally, the applicability and effectiveness of the
scoring system as a tool for assessing circular economy
components within MSWM warrant further investigation.
The evaluation of MSWM systems and their stakeholders
could also be strengthened by applying the scoring system
within an implementation—feedback framework, followed
by iterative revisions based on field-level outcomes.

4. CONCLUSIONS

A scoring system focused on household waste man-
agement can provide significant value by identifying
low-performing households within a community and estab-
lishing clear benchmarks for improvement. Beyond individ-
ual assessment, such a system has the potential to foster
a competitive spirit among households and communities,
motivating collective efforts to enhance waste manage-
ment practices and achieve higher performance scores.
This framework evaluates multiple dimensions of waste
management, including waste segregation, collection ef-
ficiency, recycling efforts, and community participation.
By quantifying key performance indicators, the scoring
system offers a transparent and objective means to moni-
tor progress, recognize achievements, and guide targeted
interventions to strengthen overall municipal solid waste
management.
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ABSTRACT

Aluminum, a critical mineral in modern industry and energy transition, presents sub-
stantial environmental and economic burdens when produced through primary meth-
ods due to its high energy consumption and associated emissions. Although second-
ary production through recycling offers significant energy and emissions savings, it is
widely believed that a large volume of aluminum still ends up in Municipal Solid Waste
Landfills, particularly in the form of used beverage cans (UBCs) and other post-con-
sumer products. This paper explores the feasibility and challenges of recovering alu-
minum from landfills through landfill mining (LFM). It presents an in-depth review of
the historical and current state of aluminum waste generation in the United States,
highlighting the growing accumulation of aluminum in landfills and the limitations of
existing recycling practices. The study evaluates the physiochemical conditions of
landfills affecting aluminum stability and outlines key technologies for material recov-
ery, including air classification, magnetic separation, eddy current separation, electro-
static separation, sink-float techniques, optical sorting and LIBS. Despite technologi-
cal advances, the recovery of aluminum from landfills remains hindered by numerous
barriers such as technical inefficiencies, contamination, oxidation, high operational
costs, regulatory ambiguity, and public opposition. Crucially, a techno-economic
assessment demonstrates that standalone aluminum recovery from landfill is pro-
foundly uneconomic under any plausible combination of parameters. The findings
emphasize the importance of pre-landfill aluminum recovery as a more viable and sus-
tainable strategy. By diverting aluminum from disposal before landfilling, the environ-
mental, economic, and logistical burdens of post-disposal recovery can be substan-
tially mitigated. This review advocates for upstream integration of aluminum recovery
into waste management systems as a pathway toward resource efficiency, landfill
space conservation, and reduced reliance on energy-intensive primary production.

1. INTRODUCTION

Aluminum, crucial for its properties and the third most
abundant element in the earth’s crust, was first utilized in
the 19th century (Ashkenazi, 2019). Its extraction, initially
hindered by its high affinity for oxygen, became viable with
the Hall-Héroult process in 1886 (Rabinovich, 2013). Today,
aluminum production is dominated by the combined Bayer
and Hall-Héroult processes, and is an important metal in
many industries (Ashkenazi, 2019).

1.1 Aluminum as a critical mineral and its relevance
in the energy transition

Although aluminum is abundant in the Earth’s crust,
it is classified as a critical mineral under the U.S. Energy

Act of 2020 because it is essential to economic and na-
tional security and has a vulnerable supply chain (Fortier
et al., 2018). Aluminum requires a considerable amount
of energy to be converted to its metallic state from its ox-
ide (ALO,), making availability in the metallic form more
important than availability of the ore. Most of this energy
must be provided in the form of electricity, not just heat.
The energy-intensive nature of aluminum production is a
key factor in its classification as a critical mineral (Energy,
2023). Due to high energy costs, especially in the United
States and Europe, multiple smelters have been forced to
shut down or reduce their production output of primary alu-
minum, leading to a reduced number of operational smelt-
ers in some regions. In response, the industry is pursuing
significant innovations, including the development of inert
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anode technology and other process improvements aimed
at drastically lowering energy consumption and achieving
near-zero direct emissions from the smelting process (Ah-
mad et al., 2025; Munshi). Concurrently, there is a trend for
some primary production facilities to integrate or transition
towards secondary aluminum production to improve eco-
nomic and environmental sustainability.

1.2 Aluminum Production

Aluminum production consists of primary production
(from bauxite) and secondary production (recycling scrap)
(Padamata et al., 2021). Primary aluminum is produced
through the Bayer process, which refines bauxite into alu-
mina, followed by the Hall-Héroult electrolytic process,
which reduces alumina to metallic aluminum (Buffington,
2012). These processes are highly energy intensive, requir-
ing approximately 23-24 kWh per kilogram of aluminum,
largely in the form of electricity for electrolysis (Choate &
Green, 2003). According to literature, for every 4kg bauxite,
2 kg of aluminum oxide can be obtained and 1kg of alumi-
num metal produced (David & Kopac, 2013). Approximate-
ly, 23.8 kWh (comprising heat energy for Bayer refining and
electrical energy for Hall-Heroult smelting) is required to
produce a kilogram of aluminum from bauxite under the
conventional method of aluminum production (Choate
& Green, 2003). As a result, primary aluminum produc-
tion contributes roughly 1% of global CO, emissions, with
life-cycle emissions ranging from 14.98 to 23.96 tons CO,-
eq per ton of aluminum, depending on the energy source
(Ali Hasanbeigi, November 21, 2017; Shen & Zhang, 2024).
Research is actively pursuing decarbonization, notably
inert anodes that could eliminate direct CO, emissions
from electrolysis if powered by renewables (Saevarsdottir
& Kvande, 2025). While not yet commercially widespread,
this technology represents a critical pathway for reducing
the future carbon footprint of primary aluminum (Chen et
al., 2025). Waste generation, particularly red mud from the
Bayer process, is another major issue: 1-1.5 tons of highly
alkaline residue per ton of alumina, with ~117 million tons
generated annually (Archambo & Kawatra, 2021; Wen et al.,
2024).

The challenges associated with primary aluminum pro-
duction has shifted the world’s focus on secondary alumi-
num production (Tabereaux & Peterson, 2024). Secondary
aluminum production is basically collecting and recycling
aluminum scrap into usable aluminum (Capuzzi & Timel-
li, 2018). This type of aluminum production is 95.0% more
energy-efficient than primary aluminum production (Green,
2007). This is because in secondary aluminum production,
the energy intensive processes (Bayer and Hall-Heroult)
in primary aluminum production are eliminated. Modern
recycling achieves material yields >95.0%, with oxidation
losses as low as 1-5% (Al-Alimi et al., 2024b; Capuzzi &
Timelli, 2018). Producing one ton of secondary aluminum
requires only 750-1500 kWh (directory, 2025), with CO,-eq
emissions of ~0.32 metric tons, compared to 14.98-23.96
tons for primary aluminum (Ali Hasanbeigi, November 21,
2017; Shen & Zhang, 2024).

Secondary aluminum production can be effective tool
to reduce aluminum importation in countries that depend

heavily on aluminum imports, such as the United States
of America. Currently, the production of primary alumi-
num has decreased significantly in the U.S., and and the
U.S. imported 5.54 million tons in 2023 (Chen & Graedel,
2012). Data from the EPA suggest that 3.9 million tons of
aluminum waste was generated in 2018, of which about
2.7 million tons was landfilled (EPA, 2023). This suggests
that improving the recycling industry in the USA can sig-
nificantly reduce the amount of aluminum waste landfilled
and consequently reduce the USA’'s dependency on other
countries for raw aluminum.

1.3 Aluminum recycling as a share of total alumi-
num consumed is declining, even in states with con-
tainer deposit laws

Despite the long-standing environmental and econom-
ic advantages associated with aluminum recycling, recent
data indicate a concerning downward trend in the share of
recycled aluminum relative to total aluminum consumption
in the United States. This decline persists even in states
that have adopted policies specifically designed to pro-
mote recycling behaviors, such as container deposit laws.

1.3.1 Trends and Data on Aluminum Recycling

According to the U.S. Geological Survey, the United
States recovered approximately 3.2 million tons of alumi-
num from purchased scrap in 2021. This amount includes
both new (manufacturing) scrap and old (post-consumer)
scrap, with new scrap accounting for 53.0% and old scrap
making up 47.0%. Notably, aluminum recovered from old
scrap was equivalent to just about 30.0% of the nation’s
apparent consumption. This data reveals a critical gap that
a substantial portion of aluminum scrap from post-con-
sumer products, is not being recycled (Center-USGS, 2022).

Aluminum recycling in the United States is assessed
using multiple metrics, each targeting different compo-
nents of the recycling system. End-of-life (EOL) indicators
such as the Collection Rate (CR) and Recycling Rate (RR)
measure how much post-consumer aluminum is recov-
ered and recycled. The Domestic Recycling Rate (DRR) re-
fines this by excluding exports, offering a clearer view of
materials retained and processed within the U.S. system.
Recycling Input Rates (RIRs) evaluate the proportion of
recycled aluminum in manufacturing inputs but can be in-
flated by the inclusion of pre-consumer (new) scrap, which
does not reflect actual recovery from waste. The Old Scrap
Ratio (OSR) addresses this limitation by quantifying only
post-consumer recycled content (Association, 2024).

More recently, the Consumer Recycling Rate, which
stood at 43.0% in 2023, has been emphasized for its ac-
curacy in capturing domestic recycling behavior, as it ex-
cludes imported scrap. In contrast, the Industry Recycling
Rate, reported at 57.0%, includes imported used beverage
cans (UBCs) and exported material recycled abroad. The
Aluminum Association includes imported UBCs to reflect
total scrap processed by U.S. producers; however, this ap-
proach may overstate domestic recycling effectiveness.
For evaluating material circularity and national policy out-
comes, DRR, OSR, and the Consumer Recycling Rate offer
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more relevant and transparent indicators than industry-ag-
gregated rates (Association, 2024; Institute, 2024).

1.3.2 Aluminum Beverage Cans: A Case Study in Declining
Recovery

Aluminum Used Beverage Cans (UBCs) have historical-
ly played a central role in aluminum recycling due to their
ubiquity and ease of collection. Recycling of UBCs in the
U.S. peaked in 1992 with a rate of approximately 65.0%.
According to the Aluminum Association and the Can
Manufacturers Institute (CMI), the national recycling rate
for aluminum cans fell to 43.0% in 2023, marking one of
the lowest levels in recent decades. This rate represents
a significant decline from the long-term average recycling
rate of approximately 52.0% recorded since 1990. The re-
ported statistics are derived from a comprehensive survey
of aluminum can manufacturers and recyclers, comple-
mented by governmental and other relevant data sources
(Association, 2024). This downward trend coincides with
a decrease in the inflation-adjusted market value of used
aluminum cans, which has reduced the economic incentive
(deposit) for collection and recycling.

A major issue lies in the recycled content of new alu-
minum cans, which typically ranges between 33.0% and
50.0%. Although it is technically possible to manufacture
a can from 100.0% recycled material, doing so is consid-
ered inefficient within the current supply chain structure.
This limitation arises from the inherently labor-intensive
and disaggregated structure of the post-consumer collec-
tion system for used beverage cans (UBCs), which hinders
efficient aggregation and processing at scale (Buffington,
2012). While aluminum cans are recycled at far higher
rates than glass or plastic, these rates have fallen below
50% in recent years.

Despite aluminum’s inherent recyclability and high ma-
terial value, the U.S. continues to discard a vast quantity of
used aluminum cans. In 2023, although approximately 46
billion aluminum cans were recycled, over 61 billion were
discarded in landfills, resulting in an estimated loss of $1.2
billion worth of recyclable material (Association, 2024).
This loss is equivalent to each person in the U.S. throwing
away nearly 15 twelve-packs of aluminum cans annually, a
striking indicator of the inefficiencies in the nation’s recy-
cling system.

Although aluminum still maintains a higher recycling
rate than glass 39.6% and PET plastic bottles 20.0%, the
recent decline represents a significant missed opportunity
given aluminum’s economic and environmental advantag-
es (Association, 2024). Enhancing the collection, sorting,
and processing of aluminum cans could yield substantial
benefits in terms of resource efficiency, greenhouse gas
reduction, and domestic material supply security (Gitlitz,
2002).

1.4 Scope of the Review

Given the persistent landfilling of large quantities of
highly recyclable aluminum, this paper critically evalu-
ates landfill mining (LFM) as a potential solution. We syn-
thesize historical waste data, review separation technol-
ogies, and present a techno-economic assessment that

quantifies the profound economic infeasibility of stan-
dalone aluminum recovery from landfills. We then analyze
the environmental, technical, regulatory, and social barriers
that render LFM impractical at scale. The central argument
of this paper is that pre-landfill intervention — recovering
aluminum before it is buried — is not merely preferable but
necessary. Upstream recovery preserves material quality,
avoids oxidation and contamination, eliminates the need
for costly excavation, and aligns with circular economy
principles. We conclude by outlining policy pathways and
research priorities to shift the paradigm from post-hoc min-
ing to proactive diversion.

1.5 Review Methodology

This review was conducted following a systematic ap-
proach to ensure comprehensive coverage and analytical
thoroughness. Literature was identified through searches
in the Scopus, Web of Science, and Google Scholar data-
bases, using keyword combinations including “aluminum
recycling,” “landfill mining,” “municipal solid waste alumi-
num,” “aluminum recovery,” “secondary aluminum,” “used
beverage cans,” and “separation technologies.” The search
was not restricted by start date, with a cutoff in Decem-
ber 2024, to capture both foundational and recent devel-
opments.

Inclusion criteria prioritized peer-reviewed journal arti-
cles, authoritative industry reports and seminal books. Gov-
ernmental and institutional data were included for quanti-
tative analysis of waste generation and recycling trends
(e.g., from the Aluminum Association, U.S. EPA, USGS). Ex-
clusion criteria removed non-English publications, articles
focusing solely on primary production without a waste/
recovery link, and very short conference abstracts lacking
substantive data. After screening titles, abstracts, and full
texts, 114 sources were selected for in-depth analysis and
synthesis. Evidence was synthesized thematically to ad-
dress the core research questions: the scale of aluminum
in landfills, the physicochemical fate of landfilled alumi-
num, the technological pathways for its recovery, and the
associated economic and regulatory barriers. Quantitative
data from U.S. agencies were harmonized and, where nec-
essary, interpolated to construct cumulative time-series
analyses. Findings from technological and case studies
were compared to evaluate efficiency, readiness, and feasi-
bility, leading to the critical assessment and advocacy for
pre-landfill intervention presented in this review.

While previous reviews have provided broad overviews
of landfill mining and material recovery challenges, often
from global or European perspectives (Jain et al., 2023;
Krook et al., 2012), this review offers a targeted and original
contribution focused on the United States context. First, it
presents a data-driven quantification of the historical accu-
mulation of aluminum in U.S. landfills from 1960 to 2018,
integrating fragmented national datasets to demonstrate
the scale of aluminum resource loss. Second, the study
bridges aluminum corrosion science with landfill biogeo-
chemistry, using Pourbaix-based frameworks to assess
aluminum survivability under realistic landfill conditions
and to move beyond generic recovery potential toward a
material-specific evaluation of recoverability. Third, the re-
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view provides a dedicated assessment of the economic
and regulatory viability of aluminum landfill mining in the
United States, explicitly contrasting U.S. policy and market
conditions with the more established European experience.
Collectively, these contributions culminate in a focused
argument that upstream, pre-landfill aluminum recovery
represents the most sustainable and practical pathway for
improving resource efficiency, reducing environmental risk,
and strengthening domestic material security within U.S.
waste management systems.

2. STATE OF ALUMINUM WASTE MANAGE-
MENT IN THE U.S.

The U.S. has witnessed a substantial increase in alu-
minum usage over the past six decades, leading to a cor-
responding rise in aluminum waste (Chen & Graedel, 2012;
Kulas et al.). While the U.S. Environmental Protection Agen-
cy (EPA) reports annual aluminum generation data, cumu-
lative generation data over multiple decades are not direct-
ly provided (Agency, 2018a, 2018b, 2018¢; Agency, 2020;
Recovery, 2014). Therefore, this study calculated the cu-
mulative aluminum generation from 1960 to 2018 by first
using interpolation to estimate the amount of aluminum
generated in the missing years and then summing them
with the annual generation data reported by the EPA. This
approach provides a more comprehensive perspective on
the total aluminum generated over the decades.

Data from the U.S. EPA show that the total cumulative
amount of aluminum generated from the early 1960s to
2018 exceeded 130 million U.S tons as shown in Figure 1.
Annual generation rose from 340,000 U.S tons in the 1960s
to nearly 4 million U.S tons by 2018. This growth is largely
driven by increased consumption in packaging (especially
beverage cans), durable goods (including appliances and
electronics). The U.S. EPA did not provide specific data on
the amount of aluminum from durable goods that was gen-
erated in their 2018 report.
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To estimate this quantity, the annual aluminum genera-
tion from containers and packaging is subtracted from the
total annual aluminum generation, with the remaining quan-
tity attributed to durable goods. A graphical representation
of this trend (Figure 1) shows exponential growth across
all major aluminum generation categories, with containers
and packaging leading the increase, reaching a cumulative
83 million U.S tons in 2018. While aluminum generation in
the U.S. has increased exponentially, the amount of alu-
minum that ends up in landfills has also grown over the
decades. This clearly highlights a gap in the aluminum re-
cycling culture in the U.S.

The U.S. EPA did not provide specific data on the
amount of aluminum from durable goods that ends up in
landfills in their 2018 report. To estimate this quantity, the
annual amount of aluminum landfilled from containers
and packaging is subtracted from the total annual alumi-
num landfilled, and the remaining amount is attributed to
durable goods. A similar methodology used to calculate
cumulative aluminum generation from 1960 to 2018 was
applied to estimate the cumulative amount of aluminum
entering landfills, based on data reported by the EPA. The
cumulative landfill data reveal a concerning buildup of alu-
minum waste, with over 90 million tons discarded by 2018.
As shown in Figure 2, containers and packaging account
for more than half of this accumulated waste, while durable
goods represent a growing portion due to their increasing
presence in consumer products (Agency, 2018a, 2018b,
2018c; Agency, 2020; Recovery, 2014).

2.1 Aluminum Waste by Type

Containers and packaging (beverage cans, food cans,
food containers and foil) and durable goods (products that
last three years or more) constitute the largest sources of
aluminum in municipal solid waste. As shown in Figure 3,
approximately 1 million U.S tons of containers and packag-
ing ended up in landfills 2018, while the cumulative amount

1990 2000 2010 2020 2030
=o—Cummulative Container & Packaging

FIGURE 1: Cumulative aluminum waste generation in the United States from 1960 to 2018. Data are sourced from the EPA’'s 2018 report,
Materials in the Municipal Waste Stream, with missing years interpolated using available data provided in the report (EPA, 2023).
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FIGURE 2: Cumulative aluminum landfilled in the United States from 1960 to 2018. Data are sourced from the EPA’'s 2018 report, Materials
in the Municipal Waste Stream, with missing years interpolated using available data provided in the report (EPA, 2023).
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FIGURE 3: Generation, recycling, and landfilling of used beverage cans (UBCs) in the United States. Data exclude imported UBCs and are

sourced from the Aluminum Association (Agency, 2020).

is 45.5 million U.S. tons, with beverage cans contributing
the most to this total (Agency, 2020). As illustrated in Fig-
ure 2, the cumulative quantity of aluminum from durable
goods disposed of in landfills has increased substantially
over the decades, reaching approximately 45.8 million U.S.
tons by 2018. In that same year, the annual landfill contribu-
tion from durable goods was estimated at 1.6 million U.S.
tons.

Despite the high recyclability and economic value of
aluminum, a substantial portion of aluminum waste, par-
ticularly in the form of Used Beverage Cans (UBCs), con-
tinues to be disposed of in landfills annually in the Unit-
ed States. Data from the Aluminum Association over the
past three decades indicates a consistent increase in the
volume of aluminum UBCs being landfilled since the early

2000s. In 2018 alone, approximately 660,000 U.S. tons of
aluminum UBCs were landfilled, representing nearly half of
the total generated as shown in Figure 3 (Agency, 2020).
Between 1995 and 2015, UBCs waste generation declined
from over 1.6 million to around 1.3 million U.S. tons. This
may be due to lightweighting of aluminum cans by manu-
facturers and innovations in beverage cans design incorpo-
rating other materials such plastics.

The persistent landfilling of nearly half of all generated
aluminum UBCs, despite their high economic value and re-
cyclability, points to systemic failures in the U.S. recycling
system. Several interconnected factors likely contribute
to this gap. Economically, the fluctuating market price for
scrap aluminum and the relatively low (and inflation-erod-
ed) deposit value in bottle bill states can weaken financial
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incentives for consumer recycling and for municipalities
to operate robust collection programs. Logistically, the re-
liance on single-stream recycling, while convenient, often
leads to contamination of material streams, reducing the
quality and value of collected aluminum (Morawski, 2010).
Furthermore, the absence of a federal container deposit
law (only 10 states have such laws) means a majority of
the U.S. population lacks a direct economic incentive to re-
turn cans. Public awareness and convenience also play a
role; recycling rates are often lower in multi-family housing
and public spaces where access to recycling bins is limit-
ed (Buffington, 2012; Gitlitz, 2002). Addressing this issue
requires a multi-pronged strategy involving policy (e.g., ex-
tended producer responsibility, modernized deposit laws),
investment in sorting technology, and public education.

By 2021, the gap between generation, recycling, and
landfilling had further narrowed, with landfilling and recy-
cling rates approaching equivalence. This trend signifies a
significant missed opportunity for material recovery. Alumi-
num cans are among the most energy-intensive materials
to produce from virgin resources, yet they can be recycled
indefinitely without any degradation in quality. The landfill-
ing of this material not only contributes to environmental
degradation but also results in the loss of substantial em-
bodied energy and economic value (Al-Alimi et al., 20244;
Gaines, 1981; Green, 2007; Miteva & Hodjaoglu).

3. EFFECTS OF LANDFILL PHYSIOCHEMI-
CAL PROPERTIES ON ALUMINUM

The substantial accumulation of aluminum in munic-
ipal solid waste landfills represents a potentially signifi-
cant secondary resource; however, its recovery potential
depends not on total buried mass but on the fraction that
retains its metallic form. The long-term preservation of
metallic aluminum is governed by the dynamic and het-
erogeneous physicochemical environment within landfill
systems, where evolving pH, redox potential (Eh), moisture
availability, and waste composition control corrosion pro-
cesses and material stability (Stark et al., 2012).

Landfill conditions evolve as organic waste undergoes
biodegradation, producing spatial and temporal variations
in temperature, moisture, oxygen availability, and chemical
composition (Igwegbe et al., 2024). Depth strongly influ-
ences these conditions: shallow zones experience greater
oxygen intrusion and moisture fluctuations, while deeper
layers are typically compacted, saturated, and anaerobic.
These gradients regulate pH and Eh, which together deter-
mine aluminum stability.

The Pourbaix diagram for aluminum provides a ther-
modynamic framework for interpreting these processes
(Pourbaix, 1974). Higher Eh values indicate oxidizing envi-
ronments associated with aerobic activity, whereas lower
Eh values reflect reducing anaerobic conditions. Aluminum
remains corrosion-resistant within a pH range of approx-
imately 4-9 due to formation of a protective oxide layer.
Outside this range, the oxide film destabilizes. Acidic en-
vironments (pH < 4), generated during acidogenic decom-
position, and highly alkaline conditions (pH > 9), often as-
sociated with ash residues or concrete degradation, both

promote aluminum dissolution and oxidation (Pourbaix,
1974).

Moisture further accelerates degradation by enabling
electrochemical reactions and microbial activity. Organic
matter decomposition produces carbon dioxide and or-
ganic acids that promote pitting corrosion. Under alkaline
anaerobic conditions, aluminum may react directly with
water:

2A1 + 6H,0 — 2AI(OH), + 3H,1

forming aluminum hydroxides and hydrogen gas
(Calder & Stark, 2010; Stark et al., 2012). Field observations
of hydrogen generation and localized heating confirm that
aluminum oxidation can persist for decades after burial.
These reactions progressively convert metallic aluminum
(Al°) into hydroxides and aluminosilicate phases that are
unrecoverable through conventional separation or remelt-
ing (Calder & Stark, 2010).

Beyond oxidation, Al** released during corrosion can
complex with humic and fulvic substances in landfill en-
vironments, forming stable organo-aluminum species that
persist in leachate or become incorporated into fine frac-
tions (Lee et al., 2023). Because this aluminum is no longer
metallic or conductive, it cannot be recovered through con-
ventional mechanical separation technologies (Parrodi et
al., 2018). Recovery would require energy- and chemical-in-
tensive hydrometallurgical treatment, rendering it econom-
ically unattractive (David & Kopac, 2013). This pathway
represents an additional irreversible loss mechanism, fur-
ther reducing practical recoverability and strengthening the
case for pre-landfill recovery.

Material characteristics also influence degradation
rates. Thicker, coated used beverage cans (UBCs) cor-
rode relatively slowly, whereas thin, uncoated aluminum
foils rapidly degrade and fragment into fine particles that
become incorporated into soil-like fractions. Because
aluminum is recyclable only when its metallic structure
is preserved, such transformations directly reduce recov-
erable resource potential (Alicia Vallejo-Olivares, October
7th,2020; Guide, 2025)

The cumulative effect of these degradation pathways is
quantifiable in actual landfill mining operations. A Belgian
landfill mining study reported recovery of approximately
70% of aluminum as metallic concentrate, while about 30%
was lost to fine residues due to corrosion and particle size
reduction (Lucas et al., 2019; Wen et al., 2025). This loss
reflects irreversible chemical transformation rather than
processing inefficiency. Recovery rates are highly site-de-
pendent: landfill age and hydrogeological conditions con-
trol moisture exposure and long-term chemical evolution
(Wen et al., 2025). Younger landfills generally retain more
metallic aluminum, whereas older sites expose materials
to decades of chemically aggressive conditions, progres-
sively reducing recoverable fractions.

Consequently, aluminum recovery potential varies
widely across landfill environments and cannot be inferred
from disposal quantities alone. Evidence suggests that in
mature landfills, up to roughly 30% of aluminum mass may
already be irreversibly lost through corrosion, with the re-
maining fraction representing an upper bound for recovery.
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In wetter or more chemically aggressive settings, losses
may be greater (Lucas et al., 2019).

These findings shift landfill mining evaluation from
theoretical resource estimation toward conditional recov-
erability. Although metallic aluminum persists in landfills,
progressive degradation imposes an inherent reduction in
recoverable material over time, reinforcing the importance
of upstream recovery and pre-landfill intervention to pre-
serve aluminum in its recyclable metallic state.

4. LANDFILL MINING

Landfill mining (LFM) is an emerging and innovative
waste management strategy that focuses on the extraction
and recovery of resouces from landfills (Krook et al., 2012).
With the tremendous amount of UBCs and other aluminum
waste in landfills, mining landfills to recover these alumi-
num waste can serve as a way to mitigate conventional
aluminum mining and greatly reduce the U.S. dependence
on imports. Primarily there are two types of landfill mining,
which are in-situ landfill mining and ex-situ landfill mining
(Jones et al., 2013).

In-situ landfill mining involves the recovery of resourc-
es from landfills without physical excavation (Burlakovs et
al., 2017). While historically focused on methane extrac-
tion, recent technological advances have expanded the
focus to include the extraction of dissolved metals and
nutrients from leachate. Although significant research and
pilot-scale innovation over the past decade demonstrate
the technical feasibility of recovering resources like am-
monia, phosphorus, and metals, these processes have not
yet achieved widespread commercial adoption (Wang et
al., 2024). However, this method is not suitable for alumi-
num recovery intended for recycling. Aluminum present in
leachate exists in ionic or oxidized forms and cannot be
directly recycled. Instead, it would require electrolysis to
be converted back into its metallic state, a process akin to
primary aluminum production, which is highly energy-inten-
sive and costly. Therefore, in-situ mining is not a practical
approach for recovering recyclable aluminum from landfills.

Ex-situ landfill mining, however, involves material re-
covery from landfills by first excavating the landfill and pro-
cessing them to recover valuable materials for recycling.
Aluminum waste recovered through this type of landfill
mining is suitable for recycling, provided the material has
not undergone oxidation (Pecorini & lannelli, 2020).

4.1 Theoretical Framework: Landfill Mining in the
Context of Circular Economy

The concept of landfill mining must be understood
within the broader framework of the circular economy,
which seeks to decouple economic growth from resource
consumption through closed-loop systems (Kirchherr et
al., 2017). Traditional linear economic models follow a
‘take-make-dispose’ pattern, while circular economy prin-
ciples emphasize waste prevention, resource efficiency,
and material recovery (Sariatli, 2017). Landfill mining rep-
resents a ‘retroactive’ circular strategy, attempting to recov-
er value from already discarded materials. However, this
approach conflicts with the circular economy’s emphasis

on upstream design and prevention. This tension creates
a critical paradox: while landfill mining recovers resources,
its necessity signals failure in upstream circular systems.
Evaluating landfill mining through circular economy met-
rics, such as material circularity indicators, resource pro-
ductivity, and system-level impacts, reveals that pre-landfill
interventions align more closely with circular principles
by preventing waste generation rather than remediating it
(Goh et al., 2025; Jones et al., 2013; Kirchherr et al., 2017).

The comparative analysis in Table 1 reveals significant
international variation in approaches to aluminum recovery
and landfill mining. European countries, particularly Sweden
, have pioneered landfill mining primarily as an environmen-
tal remediation strategy, with aluminum recovery as a sec-
ondary benefit (Johansson et al., 2017);(Krook & Baas, 2013;
Vollprecht et al., 2021). In contrast, developing economies
often achieve higher aluminum collection rates through
extensive informal sectors (waste pickers, itinerant waste
buyers and small-scale scrap shops), though with signifi-
cant environmental and social costs (Ferronato & Torretta,
2019). Japan's approach demonstrates that high recycling
rates (exceeding 90% for aluminum cans) can be achieved
through integrated policy frameworks, advanced technol-
ogy, and strong public participation, reducing the need for
landfill mining (Pereira, 2025). The United States occupies
a middle ground, with advanced technological capacity but
fragmented policies that result in suboptimal recovery rates.
Meanwhile, China’s state-driven approach — under the Na-
tional Sword Policy and Circular Economy Promotion Law
— emphasizes “urban mining” through government-backed
demonstration projects, with recycling rates estimated at
50-60% and rising, though constrained by quality control and
energy-intensity challenges (Li et al., 2020; Lindstrom, 2024).
These international comparisons highlight that successful
aluminum recovery requires context-specific integration of
technological, economic, and policy factors (Cadavid, 2025).

4.2 Techniques employed in recovery of aluminum
waste

Following landfill excavation, the next phase is the
separation stage, which involves removing ferrous met-
als, nonferrous metals (such as copper and aluminum),
plastics, and other materials from the waste stream using
various separation technologies. Given the heterogeneous
nature of landfill waste, a preliminary shredding process is
typically employed to reduce the size of waste materials
followed by a screening process, thereby enhancing the
efficiency and effectiveness of the separation operations
(Quaghebeur et al., 2013). Typically, a combination of two
or more separation technologies is employed to selectively
recover aluminum from the waste stream.

4.2.1 Air Separation

Air separation is primarily applied as a pre-concentra-
tion step to enhance downstream aluminum recovery by
removing low-density contaminants such as fines, paper,
textiles, and light plastics from excavated landfill mate-
rial. By reducing the mass of organics and soil-like fines
going to subsequent separation stages, air classification
improves the efficiency and recovery of aluminum (Brooks
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TABLE 1: International policy frameworks for aluminum recovery and landfill mining.

Country/Region

Policy Framework

Aluminum Recycling
Rate

Landfill Mining Status

Key Innovations

Major Challenges

United States

Market-driven
approach; state-level
regulations; 10 states
with container deposit
laws

47% for aluminum
cans (2024);

Limited to remediation
projects; few states
have regulations;

not yet adopted for
resource recovery

Advanced MRF tech-
nologies; private sector
R&D; efficient eddy
current separation

Fragmented policy;
contamination in single
stream; low economic
incentives

European Union

Circular Economy
Action Plan; Landfill Di-
rective (1999/31/EC);
Extended Producer
Responsibility (EPR)

60-75% (varies by
member state); EU
target: 50% by 2025

Most advanced; multi-
ple pilot & operational
projects; viewed as re-
source recovery within
CE framework

Integrated circular
economy approach;
landfill mining

pilot projects (e.g.,
BELGIUM, SWEDEN);
standardized metrics

Regulatory ambiguity;
high operational costs;
public acceptance
issues

Japan

Sound Material-Cycle
Society; Home Appli-
ance Recycling Law;
Container & Packaging
Recycling Law

>90% for aluminum
cans; ~98% for auto-
motive aluminum

Limited activity; focus
on “urban mining” from
active waste streams
rather than historic
landfills

Sophisticated collec-
tion & sorting systems;
high public participa-
tion; advanced urban
mining

Limited landfill space;
high operational costs;
focus on prevention
over remediation

Developing Countries
(e.g., Brazil, India)

Informal sector dom-
inant; evolving EPR
frameworks; limited
formal regulations

60-95% (highly vari-
able; often high due to
informal collection)

Rare as formal
engineering projects;
extensive informal
scavenging at active
dumpsites

Low-cost, labor-inten-
sive networks achieve
high collection rates;
adaptive informal
technologies

Significant envi-
ronmental & health
costs; low quality of
scrap; lack of worker
protection

China

National Sword Policy;
Circular Economy

Promotion Law; “Urban
Mining (demonstration

50-60% (estimated,
improving rapidly)

Emerging focus; gov-

ernment-backed pilot

projects; emphasis on
“urban mining” from

Large-scale implemen-
tation potential; state
investment; integration
with manufacturing

Quiality control; envi-
ronmental compliance
in processing; ener-
gy-intensive recovery

bases)

industrial waste

supply chains

et al., 2019; Gesing & Wolanski, 2001). Air separators are
capable of handling particles as small as 50-1000 pm,
making them suitable for preparing landfill-derived waste
for aluminum-focused recovery circuits (Shapiro & Galp-
erin, 2005).

4.2.2 Magnetic Separation

Magnetic separation is used to remove ferrous metals
from the waste stream before targeting non-ferrous alumi-
num recovery (Brooks et al., 2019). A permanent magnet
positioned beneath or above a conveyor belt attracts iron
and other ferrous metals, which are diverted into a separate
collection stream, as depicted in Figure 4 (Kelly & Apelian,
2016). Although magnetic separators do not recover alumi-
num directly, they play a critical supporting role by eliminat-
ing ferrous materials that would otherwise interfere with
eddy current separation of aluminum. Additionally, recov-
ered ferrous metals represent a valuable co-product that
can partially offset landfill mining operational costs.

4.2.3 Eddy current separator

Eddy current separators (ECS) constitute the core
technology for recovering aluminum from mixed waste
streams. High-speed rotating magnetic rotors induce eddy
currents in electrically conductive, non-ferrous metals such
as aluminum, generating repulsive forces that eject these
materials away from non-conductive waste (Smith et al.,
2019) as shown in Figure 5. As a result, aluminum packag-
ing, beverage cans, and foil are selectively recovered into a
concentrated non-ferrous metal fraction. ECS performance
strongly influences aluminum recovery efficiency in landfill
mining and material recovery facilities, making it the most
critical unit operation for aluminum separation (Padamata
etal., 2021; Smith et al., 2019).

After non-ferrous metals have been separated from the
waste stream, additional processing steps are required to
selectively recover aluminum from the mixed nonferrous
fraction. The following are some of the technologies com-
monly employed to achieve selective aluminum recovery,
this normally takes place in a material recovery facility.

4.2.4 Electrostatic separation

Following ECS, the recovered non-ferrous fraction often
contains a mixture of aluminum and copper. Electrostatic
separation exploits differences in electrical conductivity to
further refine aluminum purity as shown in Figure 6 (Das-
calescu et al.,, 2016). When mixed metal is exposed to a
high-voltage field, highly conductive metals such as copper
exhibit greater deflection than aluminum, enabling their
separation into distinct streams (Veit et al., 2005). This step
is particularly important for producing aluminum fractions
that meet smelter-grade purity requirements. Effective oper-
ation requires fine particle sizing and low moisture content,
which may increase preprocessing costs. The main disad-
vantages of this separator are that the materials must be
finely sized and be completely dry for effective separation.

4.2.5 Sink float method

SSink-float separation can be applied as a secondary
refining step to separate aluminum from heavier non-fer-
rous metals and residual inorganics based on density dif-
ferences as illustrated in Figure 7. Aluminum, with a den-
sity of ~2.7 g/cm?, preferentially floats in suitable media,
while copper and other heavy metals sink (Padamata et al.,
2021). Although effective, the use of heavy liquids and the
need for post-separation drying increase operational com-
plexity and cost, limiting widespread application in landfill
mining unless high-purity aluminum recovery is required.
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FIGURE 4: Schematic diagram of a magnetic separator comprising a vibratory feed hopper, conveyor belt, magnetic roller, and splitter for
the separation of ferrous materials from non-magnetic particles.
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FIGURE 5: Schematic diagram of an eddy current separator comprising a conveyor belt and magnetic rotating roller consisting of alter-
nating north and south poles.
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FIGURE 6: Schematic diagram of an electrostatic separator consisting of a vibratory feed hopper, high-voltage electrode system, earth roll,
and collection chamber for product separation.
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FIGURE 7: Schematic diagram illustrating the sink-float separation technique, highlighting the different phases involved in isolating alumi-

num from the waste stream.
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FIGURE 8: A schematic diagram of an optical separator consisting of camera, conveyor belt, nozzles and separation chamber, demonstrat-

ing the separation of aluminum from copper.

4.2.6 Optical based sorting

Optical based sorting systems enable targeted identi-
fication of aluminum based on surface color, spectral re-
sponse, and inductive signatures (Mutz et al., 2005).These
systems can selectively eject aluminum particles from
mixed metal streams (Figure 8) using compressed-air noz-
zles and are increasingly applied where higher aluminum
purity or alloy-specific sorting is desired. When integrated
after ECS sensor-based sorting improves aluminum prod-
uct quality and market value. This separator is suitable
for separating materials with particle size above 10mm.
Although optical separators are highly effective, they are
associated with high operational costs.

4.2.7 Laser-Induced Breakdown Spectroscopy (LIBS)

Laser-Induced Breakdown Spectroscopy (LIBS) is an
emerging technique for real-time, elemental identification
of metals in mixed waste streams. By focusing a high-ener-
gy laser pulse on a particle, LIBS generates plasma whose
emitted light spectrum reveals the elemental composition
of the material (Cremers & Radziemski, 2006). When inte-
grated downstream of ECS, LIBS can provide rapid, in-line
detection and sorting of aluminum from residual copper,

zinc, or other non-ferrous metals, enabling precise alumi-
num alloy-specific separation and recovery (Gurell et al.,
2012). The key advantages of LIBS include high-speed
analysis, minimal sample preparation, and the ability to
detect trace contaminants that may affect smelter-grade
purity. Limitations include higher equipment costs and the
need for extensive calibration to handle heterogeneous
landfill-derived materials effectively.

Each separation technology presents distinct trade-offs
between recovery efficiency, operational requirements, and
cost as shown in table 2. While individual technologies can
achieve high recovery rates in a controlled settings, their ef-
fectiveness diminishes significantly in landfill mining appli-
cations due to material degradation, high moisture content,
contamination, and heterogeneity (Xia et al., 2017). For in-
stance, eddy current separation, typically achieving 85-95%
recovery with clean industrial scrap, may achieve low recov-
ery rates with landfill-aged aluminum due to oxidation and
surface contamination (Huang et al., 2021). Similarly, elec-
trostatic separation requires completely dry feed material,
a condition that is rarely achievable for excavated landfill
waste without extensive preprocessing. Excavated waste
typically exhibits high moisture content and elevated rela-
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tive humidity, necessitating energy-intensive drying steps
that substantially increase operational costs (Silveira et al.,
2018). This gap highlights that landfill mining cannot sim-
ply replicate MRF workflows but requires adapted or novel
solutions. Emerging technologies such as artificial intelli-
gence (Al)-driven optical sorters, robotic picking, and mul-
ti-sensor fusion systems offer potential pathways to better
handle complex, degraded waste streams by making more
nuanced material identifications. However, their high capi-
tal costs and unproven efficacy at landfill mining scale rep-
resent significant barriers (Gundupalli et al., 2017). There-
fore, the central technological question for landfill mining
shifts from what works in an MRF to what can be adapted
or invented to work cost-effectively on low-grade, historical
waste. These limitations explain why most successful land-
fill mining operations employ integrated, multi-stage sepa-
ration systems, despite their higher capital requirements.

5. TECHNO-ECONOMIC ASSESSMENT OF
ALUMINUM RECOVERY FROM LANDFILL:
IDENTIFYING BREAKEVEN THRESHOLDS
AND ECONOMIC CONSTRAINTS

This study presents a techno-economic assessment
(TEA) of a commercial-scale aluminum recovery stream.
By utilizing a base-case model derived from literature and
realistic operational parameters, such as an annual project
scale of 100,000 tonnes and a separation efficiency of 70%,
we evaluate the net economic balance of standalone alumi-
num recovery. Furthermore, this analysis establishes criti-
cal breakeven thresholds for aluminum content and opera-

tional expenditures (OPEX), providing a rigorous framework
to determine whether single-stream recovery is a feasible
industrial strategy or if a transition toward multi-stream rev-
enue models is required for financial sustainability.

5.1 Techno-economic assessment methodology

The net economic balance N for an aluminum recovery
stream is calculated as:

RAI = MWasteXYAIXancantXPAl
Cos =M, ... ¥C per tonne
N= RAI-CtotaI

R, - Revenue generated from selling recovered aluminum
Operational Cost (OPEX) - cost of excavation, transporta-
tion and separation and recovery of metal.
Capital Expenditure (CAPEX) - equipment and machinery
investment

Base-case parameters are summarized in Table 3 Val-
ues are drawn from peer-reviewed literature (Hogland et
al., 2011; Ratcliffe et al., 2012; van Vossen & Prent, 2013;
Wagner & Raymond, 2015) and industry reports, with con-
servative assumptions favoring economic viability.

5.2 Base-case results

R,,=100,000 x 0.008 X 0.70x0.50 x 2,200 = USD 616,000
C,..= 100,000 x 40 = USD 4,000,000

N=616,000 - 4,000,000 = USD-3,384,000

Net loss: USD -3.38 million. This loss equates to USD -33.84
per tonne of waste processed.This implies that standalone

aluminum recovery is not economically feasible.

TABLE 2: Comparative analysis of aluminum separation technologies.

Recovery Efficiency for Alu-

Key Limitations for landfill

Technology minum Key Advantages waste Operation Cost
Air Separation 60-75% for bulk density sepa- Low capital cost, simple opera- Ineffective on wet waste; limited : Low
ration tion, high throughput, effective to dry, pre-shredded material;
for lightweight material removal : misses small or embedded Al
Magnetic Separation Not for aluminum (95%+ for Highly efficient for ferrous Only removes ferrous metals; Low-Medium
ferrous removal) metals, continuous operation, requires additional processes for
low maintenance, improves aluminum recovery; ineffective
downstream Al quality for non-magnetic materials
Eddy Current Separation 70-85% for clean Al scrap; 50- Effective for aluminum, copper, Efficiency decreases with oxi- Medium-High
70% for landfill-aged Al brass; handles varied particle dation, small particles (<5mm),
sizes; non-contact method moisture; high energy con-
sumption; sensitive to material
conductivity
Electrostatic Separation 75-90% for conductive metals High purity achievable; sepa- Requires completely dry, finely Medium
rates based on electrical con- sized materials (<5mm); sensi-
ductivity; effective for aluminum  tive to surface contamination;
and copper separation high voltage requirements
Sink-Float Separation 80-90% based on density Can separate multiple materials : Environmental concerns with High
differences simultaneously; high purity heavy liquids; requires drying;
achievable; effective for mixed high operational costs; media
metal streams management needed
Optical Sorting 85-95% for identifiable aluminum : High accuracy; effectively Requires >10mm particle size; High
pieces remove aluminum from waste sensitive to surface contamina-
stream; non-contact process; tion and coatings; high capital
real-time processing investment; requires clean mate-
rial presentation
Laser-Induced Breakdown 85-95% (when integrated with Real-time elemental identifi- High equipment cost; requires High
Spectroscopy (LIBS) pre-separation technologies) cation; enables alloy-specific calibration for heterogeneous
sorting; minimal sample prepara- : landfill-derived materials; perfor-
tion; detects trace contaminants; ;| mance depends on consistent
high-speed, in-line analysis particle presentation
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TABLE 3: Base-case model parameters for techno-economic assessment.

Parameter Symbol Base-Case Value Rationale & Source

Project Scale M_waste 100,000 ton Represents a realistic, commercial-scale operation

Total OPEX & CAPEX C_Total USD 40 / Mt Conservative synthesis of literature

Al Content Y-Al 0.8 wt.% (0.008) Mid-point of reported range (0.3-1.5%) in landfill

Separation Efficiency n 70% Realistic recovery rate for mechanical separation

Contamination Discount f_cont 0.50 Reflects a 50% price reduction for low-grade, oxidized landfill scrap
Aluminum Price P_Al USD 2,200 / tonne Approximate 5-year average LME price

5.3 Breakeven thresholds

To determine under what conditions the operation
could break even (N=0), we solved for the required value
of each key parameter. Table 4 presents these thresholds.

Every single breakeven threshold lies far outside the
realm of economic or technical feasibility. No combination
of plausible parameter adjustments can render standalone
aluminum recovery profitable.

5.4 Comparison with successful multi-stream mod-
els

The uneconomic outcome of single-stream recovery
contrasts sharply with profitable multi-stream operations.
Table 5 compares the base-case model with the Ashfill
project in Maine, USA, illustrating the advantages of re-
covering multiple materials (Wagner & Raymond, 2015).
European pilot projects, including EURELCO and the Ho-
rizon 2020 NEW-MINE initiative, further confirm that stan-
dalone recovery is rarely viable. NEW-MINE demonstrated
that profitability required an Integrated Value Recovery ap-
proach combining (1) material recycling, (2) waste-to-en-
ergy of high-calorific fractions, and (3) landfill reclamation
and remediation. This holistic strategy captures additional
value from avoided remediation costs and reusable land,
emphasizing that the feasibility of Enhanced Landfill Min-
ing often depends on supportive regulatory frameworks
and policy incentives when raw material markets alone
are insufficient (Blengini et al., 2019; Hernandez Parrodi
etal., 2019).

5.5 Implication: Single-stream aluminum mining is
economically irrational

The TEA demonstrates that standalone aluminum re-
covery from landfill is profoundly uneconomic, regardless
of project scale. The required aluminum grade (3.6 wt.%)
is more than quadruple the realistic maximum; the required
aluminum price (USD 7,143/tonne) is without historical
precedent; and the required OPEX (USD 6.16/tonne) is an
order of magnitude below current best practice. These find-
ings lead to an unequivocal conclusion: any economically
viable landfill mining operation must adopt a multi-stream
revenue model, recovering ferrous metals, copper, plastics,
and potentially realizing land value or airspace recovery. A
general form of such a model is:

Rtotal = RAI + RFe + RCu + Rplastics + VLandspa::e

where V. ... represents the avoided cost of new landfill
capacity or the value of reclaimed land. This multi-stream
approach is the only pathway — demonstrated by the Ashfill

case — toward positive economics.

6. BARRIERS TO LANDFILL MINING

Landfill mining (LFM) has been explored as a strategy
for sustainable waste management and resource recovery
and has been implemented in the U.S. and other countries
for land redevelopment, airspace recovery, and environ-
mental remediation (Jain et al., 2023). However, its broader
adoption remains limited by interconnected environmental,
economic, societal, technological, and regulatory barriers.

TABLE 4: Breakeven thresholds for standalone aluminum recovery (N = 0).

Parameter Adjusted for Breakeven Required Threshold Value

Comment on Practical Attainability

Minimum Aluminum Price (P_Al) USD 7,143 / tonne

Over 3x the historical average; economically implausible

Minimum Aluminum Content (Y_AI) 3.6 wt.%

Far exceeds typical landfill composition (<1.5%)

Maximum Allowable OPEX (C_total) USD 6.16 / tonne

technologically impossible

Minimum Scrap Quality (f_cont) 1.0

Unattainable for contaminated landfill scrap

TABLE 5: Contrast with the case study’s successful model.

Parameter Case study 1 (Raw MSW) Case Study 2 (Ashfill)

Feedstock Raw MSW (0.8% Al) Incinerator Ash (7% metal)

OPEX $40/Mt $158/Mt (but higher revenue)

Revenue Only Al Ferrous + Non-ferrous + Stainless + Zorba
Outcome Net Loss ($-3.38M) Profitable ($7.42M)

Net gain/loss per tonne $-33.84 $16.96
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Environmental risks arise from the disturbance of
stabilized waste, which can release methane and volatile
organic compounds and increase leachate generation, po-
tentially contaminating soil and groundwater, particularly
in older landfills without engineered containment systems
(Jain et al., 2023). Although hazardous materials typically
constitute less than 1% of landfill content, accidental re-
lease remains a concern, and reuse of untreated soil-like
fractions may cause secondary contamination (Burlakovs
et al., 2017; Gurusamy & Thangam, 2023).

Economic feasibility remains a major constraint, as
high costs associated with excavation, separation, trans-
portation, and residual waste management often exceed
revenues from recovered materials. While metals provide
some value, most waste fractions lack sufficient market
demand, making project viability highly dependent on pol-
icy incentives, infrastructure availability, and commodity
prices (Frandegard et al., 2015; Krook & Baas, 2013; S6-
derholm & Ekvall, 2020; Van Passel et al., 2013). Without
subsidies or favorable regulatory conditions, most projects
remain economically marginal, with unrecovered residues
returned to landfills, increasing operational costs (Frande-
gard et al., 2015; Lawal, 2024).

Societal opposition further limits implementation due
to concerns about health risks, odors, noise, air pollution,
and traffic, compounded by the imbalance between local-
ized short-term impacts and delayed benefits (Einhaupl et
al., 2021; Johansson et al., 2017; Johansson & Pettersson,
2022).

Regulatory frameworks in both the U.S. and EU were de-
signed for waste containment rather than resource recov-
ery, creating uncertainty regarding permitting, liability, and
cost allocation among stakeholders (Taelman et al., 2018;
Velenturf & Purnell, 2017; Wilts et al., 2016). The absence
of comprehensive regulations, combined with limited mu-
nicipal capacity and the lack of standardized resource as-
sessment frameworks such as United Nations Framework
Classification for Resources (UNFC), further constrains
large-scale implementation.

7. THE PARADIGM SHIFT TOWARD
PRE-LANDFILL INTERVENTION

Pre-landfill recovery refers to the diversion and capture
of recyclable materials before disposal in municipal solid
waste landfills (Cimpan et al., 2015). Unlike landfill mining,
which attempts recovery after materials have been burried,
pre-landfill intervention targets materials within collection
systems, source separation programs, and material recov-
ery facilities (MRFs), where quality and economic value
remain largely intact (Cimpan et al., 2015). For aluminum,
upstream recovery preserves metallic aluminum (Al°),
which is essential for efficient recycling. Pre-landfill recov-
ery therefore shifts the focus from attempting to recover
burried materials to preventing degradation altogether.

7.1 Comparative Advantages of Pre-Landfill Inter-
vention

Upstream recovery maintains aluminum purity and me-
tallic continuity, enabling efficient remelting with minimal

losses. In contrast, landfill exposure leads to oxidation,
contamination, and fragmentation that reduce recyclability
(Hull et al., 2005; Martin et al., 2013). Pre-landfill recovery
eliminates major cost drivers associated with landfill min-
ing, including excavation, waste handling, and intensive
preprocessing (Zhou et al., 2015). Materials intercepted
earlier in the waste stream require significantly less ener-
gy and processing (Raabe, 2023). Early recovery reduces
landfill volume, prevents long-term corrosion reactions,
and maximizes displacement of energy-intensive primary
aluminum production. Because secondary aluminum pro-
duction requires only a fraction of the energy of primary
production, upstream diversion yields substantial emis-
sions reductions (Anna et al., 2026).

7.2 Applicability of Existing Technologies Upstream

A critical insight emerging from landfill mining research
is that most technologies proposed for post-disposal re-
covery are not inherently unsuitable; rather, they are applied
too late in the material lifecycle (Krook & Baas, 2013). Tech-
nologies such as eddy current separation, air classification,
optical sorting, magnetic separation, and density-based
separation are already capable of efficiently recovering
aluminum when feedstocks remain relatively clean and
size-consistent (Cui & Forssberg, 2003; Vermesan et al.,
2019).

When deployed upstream in MRFs or dedicated recy-
cling facilities, these technologies operate under far more
favorable conditions. Waste streams are less compact-
ed, moisture content is lower and contamination levels
are much lower. Consequently, separation efficiencies in-
crease while energy consumption and equipment wear de-
crease (Cimpan et al., 2015).

Adapting landfill-mining technologies for pre-landfill
recovery therefore represents a technological reallocation
rather than technological innovation. The challenge is not
the absence of recovery technologies but the timing and
system integration of their deployment within waste man-
agement infrastructure.

7.3 Policy and Infrastructure Pathways

Achieving large-scale pre-landfill aluminum recovery
requires coordinated policy and infrastructure interven-
tions that address systemic inefficiencies in collection
and sorting systems (Hariyani et al., 2025). Evidence
consistently shows that container deposit programs sig-
nificantly increase recovery rates for aluminum beverage
cans by providing direct economic incentives for consum-
er participation; modernizing deposit values to reflect in-
flation and expanding geographic coverage could substan-
tially reduce aluminum leakage into landfills (Buffington,
2012; Gitlitz, 2005; Wen et al., 2025). Extended Producer
Responsibility (EPR) frameworks further support recovery
by shifting partial responsibility for end-of-life material
management to producers, thereby incentivizing product
designs that facilitate recyclability while funding improved
collection infrastructure. For aluminum packaging, EPR
mechanisms can stabilize recycling financing and re-
duce dependence on volatile commodity markets (Quinn;
Thakur & Kalra, 2026).
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Infrastructure modernization also plays a critical role.
Upgrading Material Recovery Facility (MRF) systems with
advanced sorting technologies, including improved eddy
current separators and optical and artificial intelligence
(Al) sorting systems, can significantly enhance aluminum
capture rates, particularly within single-stream recycling
systems where contamination currently limits recovery
efficiency (Kannan et al., 2025; Staub, 2020). Expanding
recycling access in multi-family housing, public spaces,
and commercial environments addresses logistical barri-
ers that contribute to aluminum disposal, while consistent
labeling standards and public education initiatives are nec-
essary to reduce contamination and improve participation
(Kostakis et al., 2025; Trushna et al., 2024).

Collectively, these pathways shift waste management
from reactive disposal toward proactive resource manage-
ment.

7.4 The Circular Economy Connection

Pre-landfill intervention aligns directly with circular
economy principles, which prioritize waste prevention, ma-
terial retention, and resource efficiency over end-of-pipe
recovery strategies (Ghisellini et al., 2016). While landfill
mining represents a retroactive attempt to reintroduce
materials into economic circulation, it inherently reflects
earlier failures in product design, collection systems, and
recycling infrastructure.

Circular economy frameworks emphasize maintaining
materials at their highest possible value for as long as pos-
sible (Blomsma & Tennant, 2020). Recovering aluminum
before disposal preserves both material quality and em-
bodied energy, enabling true closed-loop recycling. Unlike
the circular economy goal of maintaining material integri-
ty, landfilling aluminum may lead to the irreversible loss of
metallic properties due to corrosion, effectively removing
it from the recyclable material loop. From a system’s per-
spective, landfill mining should therefore be viewed not as
a primary circular strategy but as a corrective measure for
historical inefficiencies. Pre-landfill recovery, by compar-
ison, operationalizes circular economy objectives by pre-
venting resource loss at the outset. Transitioning toward
upstream intervention transforms aluminum waste man-
agement from a remediation challenge into a resource op-
timization strategy, strengthening domestic material secu-
rity while reducing environmental burdens associated with
primary production.

8. CONCLUSIONS

Recovering aluminum from landfills via landfill mining
is technically, economically, and environmentally challeng-
ing. Landfilled aluminum suffers from severe contamina-
tion, oxidation, and corrosion, with up to 30% potentially
unrecoverable (Lucas et al., 2019). Excavation and sorting
costs often exceed the market value of the recovered ma-
terial, while waste heterogeneity creates significant oper-
ational limitations. Economic and environmental assess-
ments are inconsistent, reflecting differing assumptions
and highlighting the need for standardized methodologies
in the field (Frandegard et al., 2015; Krook & Baas, 2013).

Pre-landfill intervention offers a far more effective
pathway. Recovering aluminum upstream preserves ma-
terial quality, maximizes yields, reduces waste volumes,
and avoids the resource-intensive processes associated
with landfill mining. Strengthening U.S. recycling systems
through expanded container deposit laws, extended pro-
ducer responsibility programs, modernization of Material
Recovery Facilities with advanced optical and Al-based sort-
ing technologies, and enhanced public engagement pro-
moting design-for-recycling and consumer education could
divert an additional 815,000 tons of aluminum beverage
cans annually, increasing the national used beverage can
(UBC) recycling rate to approximately 85% (Institute, 2025).

Integrating aluminum recovery upstream within a circu-
lar economy framework mitigates the technical, financial,
and environmental burdens of post-disposal recovery. The
imperative is clear: the industry must shift from reactive
landfill mining to proactive diversion to enhance resource
efficiency, conserve landfill space, and strengthen domes-
tic material security.
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ABSTRACT

This study introduces the integrative concept of Temporary Material Hubs (TMHs) as
a newly adapted approach to enhance long-term improvement in circularity by stor-
ing prospectively valuable waste, under current conditions not feasible or possible to
recover, for future recycling capabilities. TMHs aim to optimize resource recovery by
prolonging the lifespan of materials in anthropogenic cycles and avoiding premature
disposal. Unlike landfilling with subsequent landfill mining (disposal and later exca-
vation), TMHs proactively store such materials in controlled “hubs” to preserve value
and enable future high-quality recovery. The conceptual framework is complemented
by the known final sink concept to maintain clean material cycles. Given the lack
of a clear definition of recyclability, this paper further proposes recycling pillars as
guiding principles in the context of TMHSs: environmental and health protection, avail-
ability of adequate recycling technologies, and economic feasibility including the
availability of markets. Exemplary candidate materials for TMHs currently envisage,
e.g., end-of-life wind blades and incineration residues. A SWOT analysis was used
to discuss the strengths of TMHs in promoting resource optimization through post-
poned recycling, while identifying weaknesses such as uncertain costs and current
lack of accurate technical implementation concepts. Opportunities lie in supporting
European circularity goals and reducing primary material extraction, whereas threats
include future regulatory uncertainties and inaccurate estimations of future waste
recyclability. This study prepares the ground for future research and risk-assessment
on technical, economical, and societal factors necessary for implementing TMHs
on an industrial scale to ensure better functioning of the circular economy and a

sustainable future.

1. INTRODUCTION

The waste sector is adapting to societal and environ-
mental needs while navigating through restricting policies
and remaining tightly connected to the economy. Accord-
ing to the European waste hierarchy, the highest priority is
waste prevention and minimization (European Parliament
(EP) and the Council, 2024b). However, modern society
inevitably produces waste, and globally, the current waste
management system still relies mainly on disposal (land-
filling) (Kaza et al., 2018). New EU policies and strategies
such as the European Green Deal strive for sustainable
future based on the concept of circular economy, which
conserves resources and keeps them in anthropogenetic
cycles (European Council, 2024). Anthropogenic resourc-
es and waste are emerging as future sources of materials
(Ghisellini et al., 2022).

The overall aim to foster a circular economy is compro-
mised by the decrease in the share of secondary materials

entering the global economy, from 9.1% in 2018 to 7.2% in
2023 (Fraser et al., 2024). The European circular material
use rate was 11.8% in 2023 (European Environment Agen-
cy (EEA), 2025). In addition, resource consumption has in-
creased significantly; society consumed a similar volume
of resources from 2018 to 2024 as during the entire 20®
century (582 versus 740 billion tonnes, respectively (Fraser
etal., 2024)).

To counteract this trend, the European Commission
(EC) sets clear targets for reuse and recycling of waste,
e.g., 70% for construction and demolition waste by 2020
and a 65% target for municipal solid waste by 2035 (EP
and the Council, 2024b). To further minimize environmen-
tal impact, the EU Landfill Directive restricts landfilling of
recyclable waste from 2030 if suitable for material and
energy recovery and caps landfilling of municipal solid
waste at 10% by 2035 (EP and the Council, 2024a). De-
spite these efforts, 22.6% of municipal solid waste was
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still landfilled in the EU in 2019 as the primary treatment
step (EC, 2020c).

Although recycling (followed by recovery) is at the
bottom of the “10R” hierarchy (Vermeulen et al., 2019), it
remains a cornerstone of a circular economy, keeping ma-
terials in anthropogenic cycles and maximizing their value.
However, suitable markets for secondary materials are of-
ten not available. Some secondary raw material (SRM) mar-
kets, e.g., aluminium, glass and paper, are well-functioning
with significant market shares of recyclates compared to
raw materials (EEA, 2022, 2023). For instance, aluminium
is highly circular and recyclable, maintaining its quality
through repeated processing. Its primary production is very
energy-intensive, but recycling saves up to 95% of energy
and CO, emissions (European Aluminium, 2017, 2020).

In contrast, SRM markets for biowaste, construction and
demolition waste, plastics, textiles and wood are generally
less functional. The EEA attributes this to smaller market
size, weaker demand, and inconsistent material specifi-
cations, hindering industrial applications (EEA, 2023). For
instance, only a small percentage of construction and dem-
olition waste is economically valuable, leading to low-qual-
ity recycling and a global recovery rate below one-third of
the total amount of this waste (EEA, 2022; Ghisellini et al.,
2022). While technology is available, market challenges,
rather than technical limitations, appear to hinder recycling
rates. The market is predominantly local (EEA, 2022).

To ensure sustainability, product designers must con-
sider ecodesign rules embedded in the Ecodesign for Sus-
tainable Products Regulation (EP and the Council, 2024c).
Meanwhile, the waste management sector must handle
already produced waste and products not yet targeted for
recycling. Some materials are currently not feasibly recy-
clable or lack SRM markets but could become recyclable
in future. However, the current waste management system
prioritizes immediate processing, often through energy
recovery or disposal, for materials/waste lacking imme-
diate value, due to legal or financial issues. Storing them
in specifically designed temporary deposits for postponed
recycling could enhance circularity and material recovery.
Already in the 1990s, ideas of prolonged storage for re-
cyclable materials were explored. For example, a patent
proposed temporarily storing plastic waste in bales within
landfills (Herhof Umwelttechnik GmbH, 1992). This method
aimed to reduce fire risks during storage by mixing plastic
waste with low calorific value additives, such as processed
construction waste or other inert materials, and bundling it
into bales. The goal was to make the stored waste reusable
in the future, expecting advancements in plastic recycling
technology within 5 to 10 years (Herhof Umwelttechnik
GmbH, 1992). However, this concept has not yet become
widely established. Current concepts of temporary stor-
age of waste are usually short-term and for specific waste
streams (e.g., e-waste, hazardous waste, waste from disas-
ters, demolition waste from military actions), which require
proper disposal or recycling at a postponed date.

Conversely, legislative efforts to reduce disposal and
energy recovery in favour of maximized material recovery
may increase contaminated materials in anthropogenic cy-
cles. Contaminated waste poses risks to the environment,

human health, clean cycles, and high-quality secondary
materials, requiring safe disposal (Kral et al., 2013). The
EEA emphasizes the importance of sustaining clean ma-
terial cycles for a functioning circular economy, both from
a safety and an economic perspective (EEA, 2017). The
Regulation on the Registration, Evaluation, Authorization
and Restriction of Chemicals (REACH) promotes “safe-by-
design” chemicals, substituting hazardous chemicals by
safer ones. However, hazardous chemicals and so called
persistent pollutants can persist in older products and re-
covered materials (EC, 2020b), especially within open-loop
recycling systems (Pivnenko, 2016). Pivnenko (2016) pro-
posed a hierarchy for contaminant mitigation, recommend-
ing incineration or adequate final sink (controlled landfill)
when contaminant removal technologies or organizational
approaches are unavailable.

This study proposes a conceptual framework to en-
hance circularity in the mid- to long term by introducing
Temporary Materials Hubs (TMHs) for controlled, pro-
longed interim storage of materials/waste, targeting for
the postponement of recycling until technological ad-
vancements or favourable economic conditions make it
feasible and environmentally safe. By formalizing TMHs as
a distinct strategy, introducing “recycling pillars” as a nov-
el decision-making framework for evaluating recyclability,
and integrating final sinks to maintain clean material cy-
cles, this approach addresses a gap in current waste man-
agement strategies and meaningfully advances circular
economy efforts.

Currently, the considerations focus on the EU, propos-
ing a conceptual framework based on the region’s waste
management priorities and EU-waste hierarchy; however,
with adaptations to meet legal, technical and economic
conditions of other regions, the framework could reach
global applicability.

2. MATERIALS AND METHODS

The concept is grounded in an integrative literature
review, a methodological approach designed to systemat-
ically generate new concepts or ideas from existing litera-
ture (Torraco, 2016). Findings were used to create a con-
ceptual framework and a renewed organizational approach
in waste management, differentiated from existing interim
storage strategies.

The integrative literature research was crucial for de-
veloping TMHs, as the explorative nature of this research
required a structured yet flexible approach, studying mostly
mature topics. During the literature research, we identified
six key themes, which are visualized in a concept map in
Figure 1, along with associated key words demonstrating
the systematic process behind the analysis. Storage of
radioactive waste was excluded, ensuring the focus on
relevant studies. Five materials/types of waste with limit-
ed recyclability were chosen to highlight the need for this
concept. Two purposes are explored in detail, and a SWOT
analysis assesses the theoretical concept’s performance.
The TMHs concept is complemented by final sinks to en-
sure safe disposal of non-recyclable (e.g., asbestos, wood-
en railway sleepers), contaminated (e.g., textiles contain-
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ing perfluoroalkyl and polyfluoroalkyl substances (PFAS))
or degraded materials in order to sustain clean material cy-
cles and protect the environment. Detailed considerations
of the final sink concept are excluded, as they are covered
by existing publications (Cossu, 2016; Kral et al., 2013,
2019; Stanisavljevic & Brunner, 2021).

European Directives and national legislations were
studied to examine the current legal state of waste stor-
age and circularity, while EC documents provided data on
specific waste streams. In total, 134 references are cited
in our study, including peer-reviewed studies as a majority,
followed by EU policy documents and research reports.

Discussions with waste management experts and sci-
entists, mainly from Austria and Germany (e.g., concept
presentation and discussion at young scientist congress
hosted by DGAW), and peer groups (e.g., academic men-
tors, faculty members and fellows of the interdisciplinary
BOKU-Doctoral School “Transitions to Sustainability”
(T2S)), served as a valuable complement and provided ad-
ditional input also from other disciplines. Experts individu-
ally evaluated the general concept of TMHSs, no structured
interviews were conducted at this stage.

3. CURRENT RECYCLING LIMITATIONS AND
CHALLENGES

Recyclability determines whether materials/waste re-
main within the anthropogenic cycles. The Waste Frame-
work Directive very generally describes recycling as “any
recovery operation by which waste materials are repro-
cessed into products, materials or substances whether for
the original or other purposes” (EP and the Council, 2024b),
providing no criteria to assess “recyclability”. In general, a
single definition of recyclability is missing on the EU level.
Currently only the Proposal for a Regulation on packag-

ing and packaging waste briefly addresses this issue (EC,
2022). Similarly, the EU Landfill Directive sets restrictions
for landfilling waste suitable for recycling or other material
or energy recovery without defining such waste properties
(EP and the Council, 2024a). Geist & Balle (2025) currently
also emphasized the critical need for a conceptual basis to
improve recyclability within the framework of the circular
economy.

Sustainable and circular practices can be encouraged
through incentives, while penalties can deter undesirable
behaviours; however, enforcement of such legislation can
be challenging (Fraser et al., 2024). An example of a reg-
ulatory incentive is the minimum content requirement for
recycled material in packaging (EP, 2024a). The Single-Use
Plastics Directive mandates that by 2025, beverage PET
bottles must contain at least 25% recycled plastic, based
on an average for all PET bottles sold in a Member State
(EP and the Council, 2019). This legislation is expected to
drive up the price of recycled PET, potentially surpassing
that of virgin PET. This creates the need for high-quality re-
cycled plastics, and the market for recycled and virgin ma-
terial could be separated (EEA, 2022; Larrain et al., 2021).

Environmental and health protection is pivotal and
should be the primary determinant of waste recyclability.
Adequate recycling technologies often lag behind the de-
velopment of new materials. For instance, while Bakelite,
the first synthetic mass-produced plastic, was synthe-
tized in 1907 and polyethylene in 1935 (Andrady & Neal,
2009; Plastics Europe, 2021), plastic recycling only began
in the 1970s (Hopewell et al., 2009), and even after more
than 50 years, it is still not established comprehensively.
The widespread application of recycling technologies is
tightly connected to economic feasibility. Even in the ab-
sence of contamination and with available recycling tech-
nologies, economic factors can hinder recycling. The main

status quo for EU policies,
national legislations, EU reports

defipitions in Iiteratpre, reasons
for final sinks, safe final disposal

KW: final sinks, disposal,
landfill, contamination,...

definitions, concepts, frameworks,
limitations, differences

KW: temporary storage, landfill
mining, urban mining, monofill...

KW: temporary storage, circular
economy, recyclability,...

environmental/technological/

economic/legal barriers

preventing feasible recycling
KW: recycling, recycling
barriers, limitations,...

exploring examples of materials/
waste with currently limited
recyclability, use of TMHs

KW: recyclability, wind blades,
incineration residues,....

~

KW: N/A

Integrative literature research: 10/2023-06/2024; databases: ScienceDirect, Scopus, Web of Science

FIGURE 1: A concept map visualizing the six key themes and the methodological approach of the integrative literature review and the

development of conceptual framework.
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TABLE 1: Exemplary limitations and challenges affecting recycling efforts divided into four categories, then in alphabetical order.

Category Limitations and challenges

* Increasing number of substances identified as harmful (European Chemicals Agency, 2024)

Environmental issues | * Waste contamination by hazardous substances, despite labelled as “absolute non-hazardous” (European Environmental Bure-

au, 2017)

senberg et al., 2022; Larrain et al., 2021)

* Compromised quality of recycling outputs (EEA, 2022; European Environmental Bureau, 2017; Johansson et al., 2020; Ku-

* Lack of capacity of recycling facilities (EP, 2024b; Xie et al., 2024)

Technical issues * Lack of end-of-life considerations from product designers (missing “design for recycling”) (Sommer et al., 2020)

(EC, 2024; EEA, 2022)
* Quality of collected waste (EEA, 2022)

* Potential contamination of waste streams and presence of hazardous substances - affecting e.g., food contact product safety

* Competition with energy recovery (EEA, 2022)

Economic issues

* Difficult assessment of potential environmental benefits of recycling in monetary terms (Larrain et al., 2021)
* Higher value of virgin material compared to recycled feedstock (EEA, 2022; Hestin et al., 2015)

* Lack of economic incentives to prioritize recyclability in product design (EEA, 2022)

* Prices of recycled plastic products are coupled to oil prices (Larrain et al., 2021)

* Volatility of primary raw market and consequently impaired stability of SRM market development (EEA, 2022)

Legislative issues

* Insufficient end-of-waste legislation and lack of EU-wide quality standards (EEA, 2022, 2023)

* Lack of legislation regarding the provision of information about the presence and nature of hazardous substances in “end-of-
life-products” (European Environmental Bureau, 2017)
Lack of regulatory incentives to prioritize recyclability in product design (EEA, 2022)

* Lack of taxes to strengthen competitiveness of recycled materials (EEA, 2023)

* Limitations in waste classification (European Environmental Bureau, 2017)

limitations and challenges influencing recycling efforts are
summarized in Table 1.

Given the current lack of a universal definition of re-
cyclability at the EU level and as guiding principles in the
context of the proposed conceptual framework, this study
defines the key factors determining recyclability to be:
(1) contribution to environmental and health protection,
(2) availability of adequate recycling technologies and
capacities, and (3) economic feasibility, including the ex-
istence of markets. The combination of all these pillars
makes materials/waste theoretically recyclable (Figure 2).
Legislation plays a crucial role in supporting or hindering
these pillars and consequently recycling efforts by setting
targets and restrictions.

Figure 2 shows, for example, that if a SRM market is
unavailable or recycling is generally not economically fea-
sible, waste is prone to be disposed of in landfills or sub-
jected to thermal treatment (upper left grey triangle in Fig-

NOT
APPLICABLE,

ECON.
INFEASIBLE

ECONOMIC
FEASIBILITY/
ENVIRON. MARKET
DAMAGE

ure 2). This applies to, e.g., some types of plastic waste
(Lim et al., 2023). Similarly, some materials/waste lack ad-
equate recycling technologies (upper right grey triangle in
Figure 2), e.g., the recycling outputs do not reach sufficient
quality — such as in the case of composites (EC, 2023c).
The lack of feasible recycling options can be addressed by
TMHs (represented by the light green triangles in Figure 2).
Vice versa, if recycling technologies are available and SRM
markets exist but the recycling outputs do not comply with
existing environmental standards, final sinks should be em-
ployed to keep the material cycles clean.

To improve the broader applicability of the concept of
recycling pillars, it is necessary on the mid-term to define
specific quantitative indicators. Such indicators might in-
clude, for example, the technology readiness level (to as-
sess the availability of adequate recycling technologies),
carbon footprint reductions or toxicity risk score (to evalu-
ate environmental and health impacts) or a range of mar-

AR

TEMPORARY TEMPORARY
MATERIAL MATERIAL
HUBS HUBS

ECONOMIC
FEASIBILITY/
MARKET

FIGURE 2: Visualisation of “recycling pillars” and gaps (grey areas) as well as Temporary Material Hubs and final sinks as a proposal to fill

in these gaps in an improved circular economy.
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ket indicators such as break-even virgin material price (to
determine economic feasibility). However, to develop new,
adapt or apply existing indicators is quite use-case specific
and must be done individually for the considered materi-
al/waste. Van Nielen et al. (2022) developed a framework
assessing recyclability of minor metals and defined a set
of specifically related factors/indicators for this use case.
The following chapter explains the concept of TMHs com-
plemented by final sinks in a bigger detail.

4. THECONCEPT OF TEMPORARY MATERIAL
HUBS

4.1 Conceptual framework

The scheme of a circular economy desired by the EU
(Figure 3 a) is a semi-closed loop where most materials
circulate, some raw materials enter the cycle and a portion
is disposed of as residual waste (EP, 2023). This model
effectively utilizes currently valuable waste but directs
materials with potential future value (examples listed in
4.2), to disposal or energy recovery, which is problematic
as primary resources depletion accelerates (Jensen et al.,
2012).

A new enhanced material recovery loop (Figure 3 b)
replaces residual waste proposed for disposal with TMHs,
designed to temporarily store materials/waste unsuitable
for immediate recycling within the present waste manage-
ment infrastructure and market situation. These materials
are intended for targeted re-mining followed by further
processing (recycling), meaning remining is not just an op-
tion, it is the focused obligation. Diverting materials/waste
from disposal (or thermal treatment) to storage for future
recycling is logical given scarcity of natural resources and
advancing recycling technologies. This concept demands
storage periods exceeding current legislation, such as the
3-year limit in EU (EP and the Council, 2024a).

TMHs support the ambitious goals outlined in the
Waste Framework Directive and the Landfill Directive to
increase the amount of waste recycled and reduce the
amount of (municipal) waste sent to landfills (EP and the
Council, 20244a, 2024b). They align with the new Circular
Economy Action Plan by aiming to lower the demand for

RAW MATERIALS
SUSTAINABLE
DESIGN

WASTE
MANAGEMENT

RESIDUAL
WASTE

PRODUCTION

CIRCULAR
ECONOMY

DISTRIBUTION

a)

extraction of primary resources and increase the circular
material use (EC, 2020a).

TMHSs can be categorized into two types based on the
properties of the stored material/waste and the process-
es and operations taking place during the storage period:
static and dynamic. In static TMHs, materials/waste are
stored in an intact state with optional pre-treatment and re-
main unchanged until remining and recycling. These TMHs
are adequate for inert materials/waste. On the other hand,
materials/waste in dynamic TMHs undergo desirable and
engineered transformations before re-entering recycling
options and material cycles and might require additional
monitoring and regulation.

A comprehensive database and mapping of stored ma-
terials/waste ensures targeted excavation/remining with
the intention of postponed recycling, making TMHs more
cost-effective than landfill mining due to upfront planning
allowing feasible and environmentally safe extraction of
stored materials/waste. Examples of candidate materials/
waste for both types of TMHs are listed in Table 2, with
detailed purposes in subsections 4.2 and 4.3.

To complement TMHs and the enhanced material re-
covery loop, waste unsuitable for both immediate and
postponed recycling is directed to a safe disposal — final
sinks (Figure 3 b). While a harmonized definition of final
sinks is lacking, Kral et al. (2013) defined them as “a sink
that either destroys a substance completely, or that holds
a substance for a very long time period”. Stanisavljevic &
Brunner (2021) perceive (final) sinks as a crucial part of the
circular economy as they accommodate hazardous mate-
rials/waste without economic value. Final sinks serve to
safely remove materials or waste unsuitable for recycling
from the material cycles, even as efforts focus on reducing
landfilling and increasing material recovery. For instance,
this regards paper products that remain contaminated by
polychlorinated biphenyls even after chemical cleaning, as
well as contaminated polymers or paperboard recyclates
(EEA, 2017; Mofokeng et al., 2024; Pivnenko, 2016; Zhong
et al,, 2025). Besides contamination, there are also limita-
tions caused by material degradation during the repeating
recycling processes (e.g., cellulose, polymer or carbon fi-
bres after several recycling cycles) (Isa et al., 2022; Yang &
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{0t ¥
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MANAGEMENT PRODUCTION
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FIGURE 3: An innovative concept of a circular economy; a) currently desired circular economy loop (adapted from EP, 2023); b) circular

economy loop including TMHs and final sinks.
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Berglund, 2020). Kral et al. (2013) emphasize the need for
safe final sinks for all unwanted substances, mandating a
reassessment of material design strategies when suitable
sinks are unavailable.

Final sinks can be both, natural or anthropogenic (Stan-
isavljevic & Brunner, 2021). An appropriate anthropogenic
final sink for most organic pollutants, such as polybromi-
nated diphenyl ethers, is state-of-the-art waste incinera-
tion; as it is for many other hazardous organic substances
(Stanisavljevic & Brunner, 2021; Vyzinkarova & Brunner,
2013). According to Stanisavljevic & Brunner (2021), even
inorganic substances can use incineration plants as their
final sinks. Furthermore, controlled landfills operating
based on the concept of a multi-barrier system (Stief,
1989) serve as today'’s final sinks. To maintain clean cycles
and functional industry, society should focus on delivering
the optimal amount of secondary resources rather than the
maximal amount (Kral et al., 2013).

4.2 Exemplary candidate materials/waste for Tem-
porary Material Hubs

In order to assess the need for TMHs and to roughly
estimate their future demand, a screening of the current
situation regarding the generation of “new or future waste
streams” within the EU was carried out. Candidate materi-

als/waste for TMHs are summarized in Table 2, together
with their waste code, the amount currently generated and
disposed in the EU, and also the related waste manage-
ment and recycling issues. With respect to the proposed
concept shown in Figure 2, these respective streams fall
within the grey zones between recycling pillars.

Two examples (end-of-life wind blades and incineration
residues) are then used as exemplary purposes in subsec-
tions 4.3 and 4.4.

4.3 Exemplary purpose for static Temporary Mate-
rial Hubs

Diverse complex materials previously used in specific
applications are becoming widely present in waste man-
agement - e.g., carbon fibre-reinforced polymers. Being
used in wind blades, they are expanding due to the boom
of renewable energy sources aimed at achieving net-ze-
ro emissions of greenhouse gases by 2050 (EP, 2021).
Wind blades are also made of glass-reinforced polymers
(the majority). Altogether, these materials are known as
composites; they are resistant towards severe weather
conditions with a usual life-span of 20-25 years (National
Grid, 2023; Spini & Bettini, 2024). Estimates for wind blade
waste generation in the EU between 2020 and 2030 vary
widely. Sommer et al. (2020) project 570,000,000 tonnes of

TABLE 2: Currently relevant candidate materials/waste for TMHs; alphabetical order (DTMHs - dynamic TMHs; STMHs - static TMHs).

mg:iel:::atll waste/ Waste code Qn:ﬁ:rétugenerated Disposal rate in the EU Waste management and recycling issues Iﬂ::f
Composites/ 17 02 03" or : Differs: * Lack of reliable data'®-1° * The majority is co-processed in ce-
wind blades 17 09 042 185,000 tonnes by 2030% : * Landfilling or incineration ment kilns, incinerated or landfilled™’-"°
570 million tonnes by without energy recovery of all ° Material degrades during recycling’ STMHs
2030% composites: approximately 40- : * Virgin material is more valuable™
350,000 tonnes by 2030° 70% (160-280,000 tonnes/year)®
Incineration 1901 11%, 19-31.8 million tonnes/ * Landfilling: 11.3-16 million * Few environmentally safe recycling
residues 190112 year'31 tonnes/year™ methods™
° Environmentally challenging use of DTMHs
recyclates, often resulting in additional
landfill waste'®
PVC 02 01 04, 2.5-4.1 million tonnes/ ° Incineration with energy recove- : ® Primarily incinerated rather than
2001 39" year'’ ry: 46% (1.5-1.9 million tonnes/ recycled; landfilling is restricted'®®
year)'"” * Incineration: danger
* Landfilling or incineration of dioxin production™
without energy recovery: 19% * Recycling technologies: limited by STMHs
(0.5-0.8 million tonnes/year)'” costs, high energy consumption, envi-
ronmental impact, problematic quality
of produced feedstock, low yield and
the need for further research?
Textiles/ 200110 5.2 million tonnes/year?' * Incineration or landfilling: 78% * The majority is incinerated, landfilled
clothing (4.1 million tonnes/year)?' or exported to low-income countries?
* Costly sorting and separation; low-
quality secondary feedstock? STMHs
* Contamination, e.g., by per- and
polyfluoroalkyl substances?*
Tires 16 01 03" 300 million pieces/year * Landfilling is prohibited? * The majority is incinerated or recycled
25,26, * Incineration for energy produc- for low-value applications?®
over 3.5 million tonnes/ tion: 40% * Recycling technologies: high in-
year?® (1.4 million tonnes/year)? vestments costs, low efficiencies or : STMHs
being a threat to the environment?
* Ongoing landfilling despite its unsuita-
bility (banned in the EU)?73031

T WindEurope (2020), 2 LAGA (2019), 2 Lichtenegger et al. (2020), * Sommer et al. (2020), > WindEurope (2021), ¢ EuCIA (2023), 7 EC (2023c), ® Gast et al.
(2024),° Spini & Bettini (2024), "° Volk et al. (2021), "' Composites UK (2016), ' EC (2014), ™ Lamers (2015), ' Zero Waste Europe (2022), 'S Cao et al. (2024),
"6 Fellner et al. (2015), "7 EC & Ramboll (2022), ® Lahl & Zeschmar-Lahl (2024), ™ Miliute-Plepiene et al. (2021), ° Ait-Touchente et al. (2024), #' EC (2023a),
22 Stipanovic et al. (2023), 22 Andini et al. (2024), 2 Umweltbundesamt (2024), ?° EC (2023b), 26 Roetman et al. (2024), #” EP and the Council (2024a), ?® Allen
(2024), > Wu et al. (2024), * Dobrot3 et al. (2020), *' Guo et al. (2024)
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wind blade waste to be generated between 2020 and 2030.
The number was also cited in an EU article (EC, 2023c);
however, the respective study shows some inconsistencies
in data provided and therefore, this high number should be
considered with caution. Lichtenegger et al. (2020) con-
cluded that there will be approximately 185,000 tonnes of
wind blade waste by 2030. WindEurope (2021) expects this
amount to be around 350,000 tonnes. The installed capac-
ity is predicted to increase from 255 GW in 2022 to a total
capacity of 384 GW in 2027 (Gast et al., 2024; Sommer et
al.,2020; WindEurope, 2023). Nonetheless, wind blade com-
posites shall account for only 10% of thermoset polymer
composite waste in Europe by 2025 (WindEurope, 2020).

Recycling of wind blades (approx. 2-5% of the wind tur-
bine by mass) poses industrial challenges that are not sat-
isfactorily resolved (Alves Dias et al., 2020; Schmidt, 2024,
WindEurope, 2020). The majority of wind blade waste is
currently co-processed in cement kilns, incinerated or land-
filled, although data on the final destination of dismantled
blades is scarce (EC, 2023c; Gast et al., 2024; Spini & Betti-
ni, 2024; Volk et al., 2021; WindEurope, 2020). While virgin
material is more valuable due to the degradation of recy-
cled fibres (Composites UK, 2016), recycled feedstock can
be used in industries tolerating lower quality and length of
carbon fibres, such as the manufacture of hobby products
for sports and leisure time, as suggested by Limburg and
Quicker (2016). The costs of carbon fibres obtained from
pyrolysis are up to four times lower than the costs of virgin
material (approximately 5,000 EUR per tonne compared to
approximately 20,000 EUR per tonne, respectively) (LAGA,
2019). The precursor used to manufacture carbon fibres
significantly influences the final costs (Nunna et al., 2019),
contributing over 50% to the total costs of the final prod-
uct (Ellringmann et al., 2016; Nunna et al., 2019). Produc-
ing virgin carbon fibres is highly energy-intensive, requiring
approximately 1,150 MJ/kg, whereas fibre recycling needs
only 10% of this energy (Salas et al.,2023). Wind blades were
labelled as “future waste” — a waste stream that is usually
created by long-lived products that have already entered
anthropogenic cycles in significant quantities. These are
expected to increase in the future together with an increase
in waste generation, and there are no feasible recycling
technologies for them yet (Pomberger & Ragossnig, 2014).

Materials as composites cannot be currently feasibly
recycled because the outputs from mechanic recycling
do not reach sufficient quality; while chemical methods
come with high implementation costs and consume vast
amounts of energy (EC, 2023c). The outputs of thermal re-
cycling methods bear disadvantages of compromised fibre
length together with low polymer recovery rate. Due to their
rather stable properties, dismantled wind blades could be
stored in static TMHs and extracted when favourable recy-
cling conditions are reached.

4.4 Exemplary purpose for dynamic Temporary Ma-
terial Hubs
Out of 229 million tonnes of municipal waste generated

in the EU in 2022, 59 million tonnes (26%) were incinerat-
ed (Eurostat, 2024). Incineration residues are unavoidable

mineral products of waste incineration and contain, e.g.,
metals and rare earth elements. One ton of waste produc-
es approximately 0.2-0.25 tonnes of incineration residues
(Chen et al., 2023; Lamers, 2015; Reig et al., 2023). The
main management option remains landfilling (Margallo et
al., 2015), the most practical reuse option appears to be in
road or embankment constructions (Oehmig et al., 2015).

There are currently few environmentally safe recycling
methods (Cao et al., 2024). Current technologies enable
the extraction of valuable compounds from incineration
residues or the removal of harmful substances - e.g., met-
als can be extracted by leaching in acids and further used
in industry (Cao et al., 2024; Reig et al., 2023). While some
European countries (Netherlands, Switzerland) have at-
tempted to recycle incineration residues, they have encoun-
tered environmental challenges, often resulting in addition-
al landfill waste (Fellner et al., 2015). Incineration residues
could benefit from the concept of dynamic TMHs, although
considering that a large mass of residues must be handled,
sufficient storage space must be provided.

A similar concept has already been described by Saps-
ford et al. (2023). Their ASPIRE concept is inspired by nat-
ural lithospheric weathering and pedogenetic processes,
aiming to mimic those with waste, as observed in mine
tailings and smelter residues. Carbon dioxide might be
mitigated through ash weathering and ash could be reused
as cement mixture or in agri-/silviculture as source of nu-
trients given its content of critical elements and minerals.
Stored material could be “cleaned” or concentrated during
its time in a facility and after the defined time period, it can
be remined (Sapsford et al., 2023).

Weathering significantly changes the properties of incin-
eration residues (Chimenos et al., 2003). Chen et al. (2023)
and Chimenos et al. (2003) state that reactive substances
in waste residues react and form physically and chemically
stable phases with reduced release of heavy metals. This
is in harmony with findings made by Obernberger and Su-
pancic (2024) who have described ageing of incineration
ashes during storage periods, and Mostbauer et al. (2008)
who analysed the chemical weathering of waste incinera-
tion residues and the sequestration of CO, through the so-
called BABIU process (Bottom Ash for Biogas Upgrading).
Processes taking place during ash ageing/weathering in-
clude reduction of pH, Ca solubility reduction and volume
stabilization (Gori et al., 2013; Obernberger & Supancic,
2024). While natural weathering and pedogenetic process-
es last long time periods, the processes in TMHs have to be
usable for anthropogenically relevant timescales. Although
incineration residues show reduced carbonation efficien-
cies compared to reference materials (e.g., composite
of spent refractories with uptake up to 438 kg of CO, per
ton of material), they absorb CO, (Schinnerl et al., 2024). In
the case of bottom ash, the uptake is approximately 60 kg
of CO, per ton of material (ibid.).

5. DISCUSSION

The lack of a clear recyclability definition at the EU level
complicates recycling efforts. Defining recyclability would
simplify deciding whether a material shall be kept in an-
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thropogenetic cycles (either to be recycled directly or to be
kept in TMHs) or if it should find its final sink. Pomberg-
er and Bezama (2024) discussed the need for redefinition
and sharpening of the term recyclability and pointed out
the differences between theoretical, technical and real re-
cyclability. Esguerra et al. (2024) describe recyclability as
the potential for sorting out and subsequent recycling in
corresponding facilities, thus focussing on the technical
issues. The non-profit initiative RecyClass names a defini-
tion stating that plastics considered recyclable must meet
conditions similar to those in the Proposal for a Regulation
on packaging and packaging waste (RecyClass, 2024).

Recycling options and efforts are tightly connected to
regulative challenges. There is, for example, a need for im-
proved end-of-waste legislation and inclusion of EU-wide
technical standards assuring that recycling operators pro-
duce material of stable quality (EEA, 2022, 2023). The com-
petitiveness of recycled materials needs to be enhanced
by the implementation of taxes or subventions, and the im-
plementation of reasonable quotes to include recyclates in
new products (EEA, 2023).

5.1 Previous concepts on remining and temporary
storage

Storage of waste described in previous literature and
regulations is usually connected to subsequent utilization
or disposal in a short time. According to the EU Waste
Framework Directive, temporary storage means storing
waste before transportation to a waste treatment facili-
ty (EP and the Council, 2024b). The EU Landfill Directive
states that storage of waste prior to disposal for over 1
year, and prior to recovery or treatment for over 3 years, is
legally considered a landfill (EP and the Council, 2024a). In
that case, the site has to comply with landfill regulations
(Lehmphul, 2024).

Such time periods might not be sufficient as certain
emerging waste streams need longer times in storage
before their feasible utilization. Thus, TMHs have a clear
intention of postponed recycling of the material/waste,
unlike the current concepts of storage that can in certain
cases serve to postpone disposal.

The case studies in literature emphasize the importance
of further research of storage solutions for postponed re-
source recovery, that highlight the potential application and
necessity of TMHs. One notable example is sewage sludge
incineration and the subsequent treatment of ashes. Re-
search has shown that, especially in case of mono-incin-
eration, the storage of ashes should be considered, since
the recovery of phosphorus from sewage sludge ash is not
feasible at the present phosphorus market price (Bagheri
et al., 2024; Montag et al., 2015). However, it can become
economically feasible if the phosphorus price rises. Com-
panies such as EasyMining with its Ash2Phos technology
are on the way towards the commercialization of phospho-
rus recovery, with their recovery plant to start operations in
early 2027 (EasyMining, 2025).

A step towards partial implementation of this concept
can already be seen in the city of Zurich, which operates a
sewage sludge mono-incineration plant with a future ded-

ication to store produced ashes and enable future phos-
phorus recovery and recycling (Eicher, 2025; Montag et al.,
2015).

A similar approach can be observed in the wind energy
sector. Several European companies involved in wind blade
decommissioning are already postponing disposal while
independently researching economically feasible solutions
or anticipating their emergence in the near future. This
strategy underscores the justification for the costs asso-
ciated with storage or potential postponed disposal (Nagle
etal., 2022).

The German federal state waste working group LAGA
(2019) addresses the storage of carbon fibre-reinforced
material until adequate recycling routes are available. The
need for temporary material storage before recovery is
supported by the concern that carbon-reinforced polymers’
fibre dust might be carcinogenic and have negative effects
on health similar to those of as asbestos. Therefore, fur-
ther research is needed to assure appropriate handling
(LAGA, 2019).

The Austrian ministry is planning to temporarily allow
previously forbidden landfilling of carbon- and glass-rein-
forced polymers. This decision is based on the current lack
of recycling capacity or its insufficient performance (BMK,
2024). This intent contradicts the wind industry’s goal to
have landfilling of decommissioned wind blades banned by
2025 (WindEurope, 2021).

The few temporary storage concepts previously de-
scribed in international literature are usually related to
specific cases and waste streams (Table 3). The concepts
range from disaster management, short-term storage of
demolition waste from military actions and hazardous
waste on drilling sites to so-called monofills for future min-
ing. However, they do not necessarily lead to subsequent
recycling (Table 3).

The “dead storage” of products is a specific and special
case of unintended and undesirable temporary storage.
This practice has negative effects on the circular economy
as valuable substances remain in drawers rather than in re-
cycling facilities and cannot become secondary feedstock
(Wilson et al., 2017). The products lose their economic val-
ue with the duration of storage (Inghels & Bahlmann, 2021);
engineered TMHSs should have the reverse effect — the val-
ue of material/waste is unlocked with age.

The concept of TMHs shares similarities with ap-
proaches such as urban mining, landfill mining and mono-
filling, but key distinctions set TMHs apart. Urban mining
is primarily driven by the aim to recover materials directly
from the urban environment (Ghisellini et al., 2022). TMHs
complement urban mining by providing storage for mate-
rials from deconstruction or building mining that lack im-
mediate market demand. The ultimate purpose of TMHs is
to prevent disposal in a landfill altogether and make post-
poned use of materials already present in anthropogenic
deposits.

Landfill mining, as a subcategory of urban mining (Jo-
hansson et al., 2013), addresses disposal as the least de-
sired option in the waste hierarchy and aims to “reverse”
its effects (Ghisellini et al, 2022). Enhanced landfill mining
builds upon this concept by considering the valorisation of
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TABLE 3: Previous concepts on remining and temporary storage; alphabetical order.

Concept Description

Reference

Hibernation/dead storage

of products primary one breaks down or else

Retention of small end-of-life electronics (e.g., mobile phones) by
their users to have the security of a substitution device in case the

Inghels and Bahlmann (2021); Wilson et al.
(2017)

Landfill mining (often uncontrolled) disposed waste

Extraction of minerals or other solid resources from previously

Krook et al. (2012)

Monofills

incineration ash monofills

Separate disposal of single waste fractions on landfills (compart-
ments); e.g., monofills of e-waste for future mining due to current
limitations in availability of treatment/recycling technologies;

Kahhat & Kavazanjian (2010); Liu et al. (2022)

Temporary storage )
porary 9 valuable materials

Storage of mineral-rich waste materials for future re-mining of

Sapsford et al. (2023)

Temporary storage device

Storage of hazardous waste on drilling sites

Liu et al. (2023)

Temporary storage of demolition
waste from military actions

Storage of waste to protect the environment and assure the best
possible treatment after the termination of martial law

Cabinet of Ministers of Ukraine (2022)

Temporary storage sites treated

Storage of waste during disasters before it can be adequately

Lontoc et al. (2023)

Urban mining

“Systematic reuse of materials from urban areas”

Brunner (2011)

mined waste for both material and energetic use (Jones et
al., 2013; Parrodi et al., 2020). The key distinction between
TMHSs and landfill mining lies in TMHSs' strict commitment
to material recovery. In landfill mining, remining is an op-
tion, while TMHs make it an obligation. Moreover, the phys-
ical space of TMHs is not only limited to “landfill area”, also
further options like unused factories, storage halls, brown-
fields etc can be adapted and used.

Monofills, in contrast, are landfills or compartments of
landfills designed to dispose a single type of waste. Ex-
amples include e-waste monofills proposed by Kahhat &
Kavazanjian (2010) and also incineration residue monofills
(Roessler et al., 2017). Mining a monofill to recover mate-
rials is similar to landfill mining, but the homogenous na-
ture of waste in monofills may simplify the mining efforts
compared to mixed waste landfills. TMHs differ in that
remining is inherent to their design, and they are intended
to be employed for restricted time periods, offering a flexi-
ble and potentially modular solution for efficient remining.
Nevertheless, well-considered and specifically planned
monofills, if designed for high-quality remining, can act as
a transitional form of TMHSs, bridging the gap between cur-
rent and future recycling advancements.

5.2 Factors impacting the performance of the Tem-
porary Material Hubs

Several factors must be considered, researched and
clarified to allow a successful implementation and integra-
tion of TMHs into the circular economy in practice. As part
of this exploratory study, a conceptual SWOT analysis was
conducted to assess the theoretical potential performance
of TMHSs based on the data acquired from literature screen-
ing and discussions with experts and peer groups (Figure 4).

The biggest strength of the TMHs concept lies in the
optimization of resource use and the reduction of waste
going to (final) disposal, and due to the need of a compre-
hensive database of stored waste, material traceability
should be enhanced.

However, a key weakness is the current difficulty in esti-
mating the economic situation (prospective costs and rev-

enues) due to the lack of detailed technical implementation
concepts, suitable siting and adequate storage capacities.

The opportunity in the use of TMHs is the support of
the European circularity goals, allowing feasible recycling
of currently non-valuable materials/waste, thereby unlock-
ing their value in the future. This would lead to a reduction
in raw material extraction. TMHs may also help balancing
the ratio of materials to be recycled and the available recy-
cling capacities by retaining a certain amount of material.
Extended Producer Responsibility (EPR) schemes for cer-
tain waste streams might support TMHs by ensuring the
financing of the storage for postponed proper handling and
recycling. Despite challenges in measuring their effective-
ness, EPR systems generally yield positive outcomes (The
Environmental Research & Education Foundation, 2025).

The biggest threats stem from uncertainties faced by
the concept, such as uncertain material flows in the future,
as well as market situation and future changes in regula-
tions. Another threat lies in the estimation of storage du-
ration, meaning if and when materials/waste will become
recyclable, and if/when markets will emerge. These issues
will need a thorough assessment. Moreover, similar to
all waste management facilities, underperforming TMHs
might pose a threat to the environment.

Future research must focus on the duration of stor-
age, technical and siting properties, and the estimation
of costs/revenues, market development and risk-assess-
ment. An adaptation of the regulatory framework would be
also needed to allow the implementation of such concept.

5.2.1 Duration of storage

The proposed conceptual framework supports the
long-term sustainability goals, producing results that ex-
tend beyond short-term objectives, such as those tied to
5-year policy cycles (EEA, 2024). The duration of storage
must be tailored to specific materials/waste and respec-
tive recycling technologies and infrastructure. For example,
a study by the EC expects that the performance of solvoly-
sis and pyrolysis for recycling wind-turbine blade waste will
improve in the near future (EC, 2023c). Garcia-Gutierrez et
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TEMPORARY MATERIAL HUBS

STRENGHTS

® Optimized use of resources:
prolonging the lifespan of materials
within material cycles

e Reduced premature loss of materials
through landfilling and thermal
recovery

® Enhanced material traceability:
detailed information about the
composition of stored materials
/waste

S

WEAKNESSES

® Uncertain costs and revenues

® Technical challenges

e Lack of detailed technical
implementation concepts

e Limited storage capacities

e The current legislation is not
supportive of the TMHs concept

W

OPPORTUNITIES

e Supports the achievement
of EU circularity goals

® Unlocking value from currently
non-recyclable materials/waste

® Reduced need for raw material
extraction

® Compliance with future (stricter) waste
regulations

® Balancing recycling capacities and
underdeveloped secondary raw
material markets

® Consequent implementation of EPR

T THREATS

e Uncertainties in future regulations,
development of the market, material
flows, material needs, and production
requirements

e Competition with thermal recovery

e Competition with lower-cost disposal
in sanitary landfills

® |naccurate estimation of storage
duration

® Inaccurate estimation of future
recyclability of waste

® Potential emissions and other negative
environmental impacts

FIGURE 4: SWOT analysis of the potential performance of TMHs.

al. (2023) and Werner et al. (2022) estimate that most poly-
mer chemical-recycling technologies will reach positive net
earnings before 2040 (methanolysis in 2025, pyrolysis in
2033). The projections are based on expected cost reduc-
tion in recycling technologies (37.5% in the case of chemi-
cal recycling technologies, mechanical recycling costs are
expected to remain the same) and increased costs of virgin
material (increase by 71%). However, the authors acknowl-
edge significant uncertainties in the estimates (Garcia-Gut-
ierrez et al., 2023; Werner et al., 2022) and according to
Islam et al. (2025), methanolysis is still in need of further
research and optimisation. Based on the predictions, the
storage time of certain plastic waste streams in TMHs may
last up to ~ 15 years from 2025. Furthermore, conditions
of potential premature remining (before the expiration of
designated storage time) in case of favourable conditions
must be determined.

The storage duration estimations might be based on
the technology readiness level (TRL) of respective tech-
nologies. Rybicka et al. (2016) researched the TRL of
composite management technologies, concluding that in
2016, incineration and landfilling were the most advanced,
achieving the highest (maximal) TRL 9, pyrolysis (carbon
fibres) and mechanical grinding of fibres (glass fibres)
achieved TRL 8, while pyrolysis of glass fibres and mechan-
ical grinding of carbon fibres were at TRL 6-7. Most com-
posite recycling technologies, however, remained in the
early stages, with TRLs of 3-4 (Rybicka et al., 2016). Within
past years, none of the composite recycling technologies
achieved a TRL allowing industrial-scale application (Wind-
Europe, 2020), and there is still a lack of effective solution
(Tortorici et al., 2025).

Generally, storage should last as long as necessary to
achieve feasible recycling conditions but as short as possi-

ble to minimize the storage costs (Obernberger & Supancic,
2024). However, we propose that “temporary” in this con-
cept may cover a time frame of about 5 to max. 20 years.

The duration of storage introduces a potential risk of
unwanted alteration and degradation of the stored materi-
al/waste, which could jeopardize subsequent material re-
covery. To mitigate the risk, the facilities must be designed
to withstand adverse impacting conditions, e.g., weather
conditions, and prevent damage over time. One example of
such degradation is corrosion. Even for very rigid and high-
ly durable materials such as wind blades, this risk must be
considered, especially if the blades are already degraded at
the end of their life cycle (Muntenita et al., 2024).

The general framework for the decision-making un-
der which conditions waste should be “remined” from the
TMHs and reintroduced into material cycles is provided by
the three pillars addressing “recyclability” (see Figure 2).
However, we emphasize that each case (waste type) needs
to be assessed individually, taking into account its specif-
ic conditions and pre-selected indicators, as mentioned in
chapter 3.

5.2.2 Technical design and infrastructure

It is pivotal to know the composition of stored waste to
ensure safety of storage and the effective option of future
remining. This might require chemical analyses, assess-
ment of potential contamination and thorough mapping
and documentation, e.g., similar to the procedure for haz-
ardous waste disposal in German underground landfills
in Ordinance on Landfills and Long-Term Storage (Bunde-
sministerium der Justiz, 2009). Based on the composition,
static or dynamic TMHs are employed.

Static TMHSs should be controlled and engineered to en-
sure that stored waste does not undergo any unwanted al-
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teration or degradation during storage time. Certain aban-
doned facilities could be employed (such as old industrial
or military buildings), inspiration could be found in under-
ground disposal of hazardous waste as mentioned above.

For the preparation of Refused Derived Fuels (RDF) in-
tended for energy recovery in diverse industries, storage
facilities are already often needed and applied. Storage
options for TMHs can be based on this, but require further
(sometimes more complex) conditions, especially as they
are intended to be stored for much longer periods of time.
Thus, THMs would be more stringent than facilities for
RDF storage. This is due to the clear intention of subse-
quent material recovery, which demands different, mainly
higher quality standards compared to energy recovery. For
instance, while Romaszewski and Fitas (2024) noted that
open-air storage has no adverse effects on the thermal re-
covery of RDF, the same approach might not be suitable
for TMHs, where material integrity is critical for future re-
cycling processes.

Dynamic TMHs need to be engineered and monitored
to allow stored waste to undergo certain desired process-
es. Those are, for example, the weathering processes of
incineration residues for which controlled landfill sites with
fading landfill-gas generation (with remaining high CO,
concentrations; compare BABIU Process (Mostbauer et al.,
2008) and state-of-the-art barriers could be used.

In certain cases, an Environmental Impact Assessment
may be required to avoid potential adverse impacts on the
environment.

It is important to note that TMHs may require a sub-
stantial area, which could lead to challenges such as
land-use conflicts and competing interests (Montag et al.,
2015). In theory, facilities such as mined (empty) landfills
could be employed if environmental protection and prop-
erties allowing secure storage of materials/waste are as-
sured. Consideration should be given to the option of “re-
using” such facilities and adapting them to various types
of materials/waste in parallel or subsequently rather than
aiming for one-time employment. Additionally, case-spe-
cific pre-treatment would affect the design of the storage
and the infrastructure setting. The quality and amount of
the regarded waste stream and the status of the existing
infrastructure will determine whether local or centralized
TMHs should be created and if additional infrastructure
needs to be established. The most significant transporta-
tion load is expected at the beginning of storage process
and when remined. The extent of pre-treatment and trans-
portation involved will also affect the overall costs of the
concept.

5.2.3 Economic and legal factors

The costs of storage for postponed recycling might
be higher than those of conventional waste management
options. Competing with the TMHs are waste-to-energy
facilities for thermal recovery of materials/waste, and
landfills presenting a cheap yet environmentally/circular-
ly unfavourable waste management alternative. Potential
(mid- to long-term) environmental benefits of (postponed)
recycling compared to energy recovery, landfilling and
also primary raw material extraction must be considered.

When considering the negative environmental externalities,
the concept of TMHs may compete with the conventional
waste management options in monetary terms. Further-
more, unlocking the value of currently non-valuable ma-
terials/waste may create revenues in the future that need
to be estimated. Such estimations are currently a source
of uncertainties and pose a potential weakness of TMHs.
However, further research and modelling of cost scenarios
shall reduce these economic risks.

A key priority for future research is conducting a com-
prehensive cost-benefit analysis, particularly to compare
TMHSs with thermal treatment and landfilling. This will re-
quire detailed modelling to account for variables such as
market development and resource scarcity. Furthermore,
an LCA analysis is recommended to evaluate and compare
the environmental impacts of these addressed waste man-
agement strategies, providing a more holistic understand-
ing of their long-term viability.

Platforms like digital marketplaces could facilitate the
recycling of stored materials by enhancing their visibility
and enabling trading. However, these platforms can only
function if a market already exists, which is one of the chal-
lenges waste recycling might face, as explained in Figure 2.
For this reason, TMHs should be implemented prior to the
establishment of digital markets. Some platforms already
enable the resale of dismantled wind blades for reuse,
such as “Business in Wind” (2025).

To implement the TMHs concept, both national and Eu-
ropean legislation would need to be adapted. One of the
most critical changes would involve extending the duration
of waste storage beyond the currently permitted periods
outside a landfill regime (EP and the Council, 2024a). More-
over, implementing taxes or levies on primary raw materials
could help improve the competitiveness of recycled materi-
als (EEA, 2023), which would support the concept of TMHs.

6. CONCLUSIONS AND OUTLOOK

Optimizing resource use is a crucial step towards en-
hancing the circular economy. Unlike traditional waste
management strategies, this study introduces a for-
ward-looking approach for storing prospectively valuable
waste streams for future recycling, rather than relying on
immediate disposal or energy recovery. While it builds on
existing concepts, it introduces several theoretical ad-
vancements: it (1) formalizes the concept of TMHs as a
distinct strategy for bridging the temporal gap between
current technological and economic capabilities and future
advancements, (2) proposes the recycling pillars as a nov-
el decision-making framework for evaluating recyclability,
and (3) integrates the concept of final sinks to maintain
clean material cycles. The comprehensive and integrative
considerations of these diverse aspects in one central con-
cept represent a meaningful progress, which has not been
systematically addressed in previous literature.

This study provides a theoretical foundation for fur-
ther use-case-specific research and practical implementa-
tion of the TMHs concept. Further details and application
specifications, which may have a strong impact on the
realisation of such a concept, have still to be researched
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and defined. However, the authors are of the opinion that
it is important to disseminate the concept now in order to
initiate a discussion within the scientific community and
among diverse stakeholders in the waste and resource
management sectors. Storing materials/waste for post-
poned recycling appears justifiable based on the current
and prospective advancements in recycling technologies
and secondary markets. A SWOT analysis, as outlined in
this study, can be used to assess the principal feasibility
of the TMHs concept for specific applications and cases
- considering factors such as waste type, existing infra-
structure, location, storage duration, and financial viability.
Additionally, this analysis helps to identify uncertainties
that may challenge implementation while also highlighting
potential opportunities and benefits.

To build on this groundwork, future research should
include case-based modelling and real-world pilot studies
to quantitatively assess the concept'’s feasibility and con-
sider cost- and risk-assessment approaches, and potential
pre-treatment requirements for the stored waste. Further-
more, engaging with stakeholders — such as manufactur-
ers, waste sector operators and policy makers — through
interviews, would expand the study’s perspective beyond
academia, incorporating practical and industry-relevant in-
sights. For successful implementation, both European and
national legal frameworks must be adapted, particularly
concerning the definition of recyclability, the extension
of the permitted storage time, as well as the creation of
conditions that foster secondary raw material markets. In
addition to these technical, economic and legal consider-
ations, future research should address the social dimen-
sions to better understand societal implications and ac-
ceptance.

This study serves as a blueprint for innovative ap-
proaches to enhance the circular economy and aims to
initiate a debate on the need for both, temporary material/
waste storage and safe final sinks.
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ABSTRACT

Catadores in Brazil, reclaimers in South Africa, diverters in Canada, recyclers (reci-
cladores) in other South American countries, waste pickers in India, and all over the
world. Who are informal workers acting at the core of the circular economy? Identify-
ing and acknowledging their role in the economic, social, and political system is not
merely a semantic exercise but a critical intervention in transforming waste gover-
nance, changing our understanding of waste and waste production, and doing justice
to a population whose rights have historically been denied. Focusing on Brazil, where
catadores are formally recognized as a professional category by law and in official
job classifications and statistics, this study supports recognizing catadores’ work
as political work and the need to overcome a charity-driven, paternalistic perspec-
tive that reproduces marginalization rather than supporting integration. A research
agenda is put forward to advance the debate on integration and reclaimers from a
transformative (i.e., systemic change) perspective.

1. INTRODUCTION

Municipal solid waste (MSW) generation worldwide is
projected to rise sharply, as major producers like the US
fail to implement meaningful changes in consumption pat-
terns, while lower and middle-income countries increase
both production and consumption of goods (UNEP, 2024).
Even more concerning is the projected growth of uncon-
trolled waste (UNEP, 2024), the fraction of discarded ma-
terials that escape formal collection and proper disposal,
ending up in the environment or managed inappropriately,
e.g., being burned. However, the boundaries between for-
mal and informal waste management are often blurred,
and “formal infrastructures”, especially incineration, do not
necessarily reduce socio-environmental harms. Practices
such as excavating, collecting, sorting, and reusing discard-
ed materials have existed since ancient times (Freestone,
2015; Healey, 1978) and remain deeply rooted in commu-
nity-based organizations in contexts such as Brazil (Maiel-
lo, 2022), Colombia (Parra & Abizaid, 2021), and India. The
lack of inclusion and recognition of this informal sector is
increasingly acknowledged as a major barrier to effective
waste management, where 40% of global informal workers
operate in the waste sector (UNEP, 2024).

This research investigates municipal integration pro-
cesses in Brazil and their relationship to the recovery of re-
cyclable materials. The cities of Belo Horizonte, Sdo Paulo,

and Volta Redonda were selected for their high income per
capita and associated waste generation (Downs & Medi-
na, 2000). Using the extended case method and Samson'’s
(2020) typology, the study’s main contribution lies in apply-
ing this framework to Brazil's distinctive context of reclaim-
erinstitutionalization. Material recovery data were obtained
from the Brazilian National Sanitation Information System
(SNIS), which was subsequently replaced by the National
System of Information on Basic Sanitation (SINISA).

2. WHO ARE RECLAIMERS AND WHO ARE
CATADORES?

We use the terms “reclaimers” and “catadores” inter-
changeably to refer to workers engaged in the manual col-
lection and sorting of recyclable materials in Brazil. Other
terms are also used in English-language literature, such
as recyclers, collectors, diverters, informal recyclers (Gut-
berlet & Carenzo, 2020), refuse sorters (Bouvier & Dias,
2021), independent street or dump pickers (Rutkowski &
Rutkowski, 2015), and waste pickers. While the latter is the
most common term (Ali & Yusuf, 2021; Gutberlet & Caren-
z0, 2020; Gutberlet, 2023; Gutberlet & de Carvalho Vallin,
2024; Kalina & Tilley, 2020; Rutkowski, 2020; Schamber
& Bon, 2022; Yamane et al.,, 2023), it carries pejorative
connotations that associate their work with rubbish and
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limit it to the act of picking (Samson, 2020, p.195), mis-
recognizing the tacit and experiential knowledge involved
in identifying and revaluing different discarded materials
(Ibid.) as well as the complex, embodied labor required to
navigate scattered spaces where materials are disposed
and organized.

Reclaimers are specialized service providers (Gutberlet
& Carenzo, 2020; Gutberlet et al., 2017; Dias, 2006) who
contribute to the extension of landfill lifespans (Kadyama-
dare & Samson, 2024) and the reduction of CO, equivalent
emissions (Chintan, 2013; in Departments of Environment,
Forestry and Fisheries & Science and Innovation of South
Africa, 2020, p. 21; IPCC, 2023, pp. 103, 105). Despite these
contributions, they face social stigma, institutional barriers,
precarious work, and low pay in the billionaire waste man-
agement industry (UNEP, 2024), with negative physical and
mental health impacts (Gutberlet & Carenzo, 2020; Sekh-
wela & Samson, 2020; Parizeau, 2015) (Figure 1).

In Brazil, catadores are not a homogeneous, monolith-
ic category but a diverse group, ranging from freelance
individuals to cooperative members, and from occasional
actors supplementing their income to political activists in
a national movement (Maiello, 2022), who negotiate con-
cessions, resist exclusion, and construct group identity and
dignity in diverse ways. Most operate informally, with wom-
en constituting the majority (Bouvier et al., 2022; Marques
et al.,, 2020). Decades of practice, sometimes across gen-
erations, have enabled nationwide political organization
since 1999 (Maiello, 2022) and inclusion in the National
Registry of Professions (CBO) since 2002 (Ibid.), position-
ing Brazil as a leader in the formal recognition compared
with similar economies, which is the result of political mo-
bilization and social struggles of catadores (lbid.).

3. INTEGRATION THEORY

>
i
%
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Integration, for Samson (2020), does not mean open-
ing institutional processes to include reclaimers’ informal
practices, but rather rethinking the economic and political
systems surrounding reclaimers’ organizations and the re-
cyclingscape (Ibid.), in which the value of discarded mate-
rials and their circular potential are recognized, contrasting
with the wastescape. Integration is a contested, power-lad-
en process (Sekhwela & Samson, 2020) that can reinforce
or challenge existing power relations, eliciting transforma-
tions.

Samson (2020) identifies four dominant conceptualiza-
tions: a) charity, b) (tokenistic) participation, c) multifacet-
ed process, and d) social transformation, which form a dy-
namic continuum rather than isolated siloes, as real-world
initiatives rarely fit into a single category. Reflecting on the
political work of integration, Samson identifies five forms
of neglection, referred to as erasures under the charity
model: i) economic role and fair recognition of labor; ii)
knowledge and agency (e.g. epistemological misrecog-
nition); iii) recyclingscape (e.g. the informal sociospatial
system created by reclaimers whose erasure entails dis-
placement); iv) sphere of accumulation related to rescued
materials, livelihood and economic neglect; v) and humani-
ty. This theoretical framework is instrumental for exploring
the different levels of integration and, for relevant institu-
tions (e.g., municipalities) and researchers, for understand-
ing the implications of a charity approach (Figure 2).

The Brazilian context is especially relevant for under-
standing “reclaiming” as political work (Samson, 2020)
and catadores not as victims of marginalization, but as
actors with agency and power. We applied Samson's ty-
pology to map how three Brazilian municipalities, within
major industrial regions, relate to local communities of
catadores.

FIGURE 1: Skilled catadores, sorting recyclables, enabling the circularity of various materials. Credits: @catakiapp. Photo: Julia Nagle | @

ju.nagle.
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INTEGRATION

(Samson, 2020)
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FIGURE 2: Visualization of the theoretical framework.

4. STORIES FROM THREE CITIES

This study adopts an extended case method (Burawoy,
2009) as an overarching framework. A transdisciplinary ap-
proach was used for data collection, incorporating insights
from scholars, local activists, and grassroots initiatives, in-
cluding catadores’ associations in Rio de Janeiro (Maiello,
2022), virtual engagement with Pimp My Carroga, and an
in-depth interview from a previous study with the Volta Re-
donda Secretariat of Environment.

In total, 1 595 pages from nine policy documents and
11 news articles (2019-2024) were analyzed, capturing le-
gal frameworks and reclaimers’ lived experiences. Three
municipalities representing core industrialized metropoli-
tan regions, differing in size and political culture, were se-
lected (Table 1).

Our central guiding research question is: to what extent
are different approaches to reclaiming integration associ-

TABLE 1: Profile of the selected municipalities.

ated with the performance of recyclable material recovery
at the municipal level?

A codebook (Saldafia, 2013) based on Samson's (2020)
framework was developed, including a summative reliabil-
ity check (Drisko & Maschi, 2016). Quantitative data on
recyclable recovery were sourced from SNIS database,
version 2024.006 (http://app4.mdr.gov.br/serieHistorica/)
filtered by category and municipality. From 290 indicators
and components (2002-2022), nine key metrics were se-
lected: CO116 (collected by public agent), CO117 (by pri-
vate agents), CO142 (by other agents), CS009 (amount
recovered), CS026 (by selective collection service), CS048
(collected by reclaimers), INO31 (recovery rate), INO32 (per
capita recovered) and IN054 (per capita collected), supple-
mented by data from the Brazilian Institute of Geography
and Statistics (IBGE). Data inconsistencies were identified
and corrected.

Ref. Indicator Belo Horizonte, Minas Gerais Sao Paulo, Sao Paulo Volta Redonda, Rio de Janeiro
1 Urbanized territory (km?) 274 914 43
2 Population 2315560 11451999 261 563
3 GDP (RS, billions) 105.8 828.9 19.6
4 PIB per capita (RS) 41 818.32 66 872.84 71 551.44
5 Total waste generated (kg/inhabitant/year) 315.6 359.7 262
o Secyces coleted pr capta lectne
7 Number of cooperatives/ associations 6 26 3
8 Ia\lttijgrwllger of reclaimers affiliated with associ- 197 1050 34
9 Estimated number of informal reclaimers Data not available Data not available Data not available

Sources: [1-2] 2022 IBGE; [3-4] 2021 IBGE; [5] SNIS-2023 (CO119); [6] SNIS-2023 (IN054); [7] SNIS-2023 (CA006); [8] SNIS-2023 (CA007); [9] SNIS-2023
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5. INTEGRATING THE RECYCLINGSCAPE?
WHAT DATA CAN(NOT) TELL US?

Our findings contribute empirical grounding to Sam-
son's conceptualization. From a conceptual perspective,
Samson also identifies Brazil as an advanced reality in the
political recognition of catadores’ work and activism, as
evidenced by the notion of reciclagem inclusiva (inclusive
recycling) developed by the catadores movement, which
resonates with her conceptualization of integration. While,
in theory, we agree with the author and acknowledge the
political value of the Brazilian recyclingscape, our research
reveals gaps that complicate the picture, pointing to ave-
nues for a research agenda. The following presents the re-
sults for each of the investigated municipalities.

In Belo Horizonte, the 1999 Municipal Waste & Citizen-
ship Forum laid the foundation for the national reclaimers’
movement (Dias, 2006), raising awareness of integrated
waste management (lbid.). The Municipal Waste Manage-
ment Law No. 10 534/2012 assigns the Urban Cleaning
Authority (SLU) the duty to involve catadores’ cooperatives
and those forming cooperatives in formal collection (Art.
34). However, the law assigns to catadores only a com-
plementary role (Ibid., para. 3), meaning they are not re-
sponsible for the service provision. While this is one of the
first laws to establish reclaimers’ involvement, it reflects
a charity-oriented approach (Samson), focusing on their
labor rather than their professionalism. Catadores have
provided door-to-door sorting since 2019, improving the
quality of discarded material and municipal recycling rates
(Reclaimers’ National Movement, 2019). Despite this, they
face institutional neglect, as during the COVID-19 pandem-
ic (Gongalves et al., 2022), when 309 formal and roughly 3
000 informal catadores’ livelihoods were disrupted (Dias,
2020) (Figure 3).

In Sdo Paulo, the country’s wealthiest city, urban vul-
nerabilities are addressed through Law No. 16 050/2014.

Unlike Belo Horizonte, this is not a law on waste manage-
ment, but a broader legislative instrument. On paper, it is
a progressive policy, establishing the right to the city as a
principle to ensure universalized access to urban servic-
es and amenities (para. 5). The law makes a step forward
compared to Belo Horizonte by including catadores within
cooperatives and as individuals. Moreover, under this law,
the city commits to providing space and involvement, and
“find a strategy” to ensure contractual stability. However,
these are vague commitments, and, as in the case of Belo
Horizonte, they address reclaimers as vulnerable people to
be involved. We are far from the Samson’s perspective on
integration as the process of designing policy for the recy-
clingscape, and still closer to her definition of charity inte-
gration. Alongside public institutions, grassroots initiatives
such as Pimp My Carroga report that most catadores con-
tinue to face discrimination, police violence, low remunera-
tion, and high risk of accidents, with social stigma remain-
ing a persistent barrier (Pimp My Carroga, 2024). Exclusion
from decision-making persists (Gringos Podcast, 2024) as
observed in the local sorted collection program (Decree
No. 48 799/2007, Art. 4) and local initiatives, such as the
Open Letter, supported by 36 institutions, denouncing the
worsening socioeconomic conditions during the pandemic
(Figure 4).

In Volta Redonda, Law No. 5 762/2020, driven by cat-
adores and allies, legally integrates catadores, including
those outside cooperatives, into the public sorted collec-
tion and decision-making via the deliberative body CACS-
VR, where catadores are members. However, implemen-
tation challenges include governance tensions due to the
hollowing out of public policies (Gripp & Valério, 2023)
and warehouse irregularities which fall under the respon-
sibilities of the municipality (Public Labor Prosecution
Office in Rio de Janeiro, 2023), and threats to livelihoods
from a proposed incineration plant, later halted by judi-

FIGURE 3: Specialized catadores in Belo Horizonte. Credits/Photo: ASMARE @asmaremg.
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FIGURE 4: NGO Pimp My Carroga at COP 30, hosting a panel in the Green Zone, bringing the catadores’ agenda to the forefront of climate

discussions. Credits/Photo: Pimp My Carroga @pimpmycarroca.

cial intervention (Federal Public Defender’s Office, 2022)
(Figure 5).

Regarding content analysis, it revealed charity was the
dominant framing in policy documents, followed by multi-
faceted process, participation, and social transformation.
In gray literature, charity also prevails, followed by social
transformation and multifaceted process, while participa-
tion is absent (Table 2).

Analysis of material recovery revealed a systematic gap
in data reporting for component CS048 across all cities,

with missing years such as 7 in Belo Horizonte, 17 in Sdo
Paulo, and 16 in Volta Redonda, reflecting the misrecog-
nition of reclaimers’ direct contributions and limiting the
assessment of their economic and environmental impact.
Recyclables recovery per capita was significantly low in all
cities, roughly half the national. Municipal recovery rates
were similarly low across all cities, well below the national
rate. These low figures coincide with the charity-oriented
integration approach observed across all cities, suggesting
an association with framing catadores primarily as recipi-

FIGURE 5: Skilled catadores in Volta Redonda. Credits/Photo: Folha Verde Cooperative.
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ents of support rather than as active participants in waste
governance. However, given the missing data and the ex-
ploratory nature of this research, based on case studies,
these findings should be considered a speculation to be
validated in future studies (Table 3).

6. BEYOND CHARITY, TOKENISM, AND PA-
TERNALISM IN RECLAIMERS' INTEGRA-
TION: A RESEARCH AGENDA

Samson'’s theory enabled a critical view of the concept
of “inclusdo de catadores” (reclaimers’ inclusion) in Bra-
zil's legislative framework, illuminating a charity approach
by defining it and unravelling its underpinning structures,
namely the five forms of erasure. Each of the five erasures
relates to a specific sphere of misrecognition: i) labor and
skills; ii) epistemological; iii) spatial; iv) economic; v) hu-
man and moral.

Despite some progress in social inclusion through
associational practices and formal policies, our analysis
shows a prevailing charity approach to reclaimers’ inte-
gration, raising questions about the implementation of
many of the political achievements of catadores’ social
and political movements. Problematic structural discon-
tinuities and gaps in data production limit local public
decision-making (Maiello et al., 2015) and affect social
inclusion. Samson’s transformative view of integration,
as changing the system around catadores’ recyclings-
cape rather than involving them in the formal wastescape,
helped us identify structural paternalistic (i.e., charity-like)

TABLE 2: Results of the content analysis in descending order by code.

patterns and imagine integration beyond tokenistic ap-
proaches. Integration is not a neutral policy goal, or a pro-
cess of educating catadores to integrate them (Gutberlet
& de Carvalho Vallin, 2024), but a discursive, contested
process and political tool, exposing the hiatus between
discourse, both in the policy and in the academic literature,
and the practice in waste governance.

We acknowledge that the research has limitations. Its
qualitative nature introduces multiple selection biases,
from case identification to single-coder document interpre-
tation. Remote data collection of empirical materials limit-
ed its breadth, as only half of municipalities have a waste
management plan (Ministry of Cities, 2023, p.24). Incom-
plete national datasets, transitioning from SNIS to SINISA,
and limited direct interaction with reclaimers constrained
our ability to fully answer the research questions.

Building on this acknowledgement and aiming to ad-
vance Samson’s transformative perspective on integration
as systemic change, we propose a three-part research
agenda using the five Samson erasures as entry points.
First, we see multi-sited ethnographic research (Marcus,
1995) as the most suitable approach to explore both la-
bor/skills and spatial erasures, allowing to observe, from
multiple spatial foci and multiple scales (from the reclaim-
er's bodies to the region of waste transit, crossing through
the organizational sites) the recyclingscape, its everyday
functioning and the tensions with the formal waste man-
agement system. The ethnographic approach allows the
building of necessary relations, breaking unintentional hi-
erarchies and challenging power structures, all of which

BH SP VR Total Count
Codes
P GL P GL P GL P GL
c assistance to work/ passive targets 22 9 43 8 27 6 92 23
m labor requires S-C-P-L-E actions 14 1 38 2 29 0 81 3
¢ exclusion of reclaimers’ recycling system 8 3 4 6 5 4 17 13
t new understanding of the world & role 1 12 8 5 2 0 11 17
t social justice to forge citizenship 2 1 8 2 2 0 12 3
p attention to key aspects for success 4 0 6 0 4 0 14 0
p participatory approaches to work 4 0 5 0 1 0 10 0
m sociocultural actions for unhindered work 0 1 2 0 0 0 2 1
Legend: BH=Belo Horizonte; SP=S&o Paulo; VR=Volta Redonda; P=Policy; GL=Gray Literature
TABLE 3: Recovery of recyclables and the integration approach among municipalities.

Ref. Data BH SP VR

1 Recyclables recovery per capita (kg/inhabitant/year) 24 2.8 2.1

2 National estimate of recyclables recovery per capita (kg/ inhabitant/year) 5.5

3 Municipal recovery rate of recyclable materials (%) 0.76 0.77 0.79

4 National recovered rate of recyclable material (%) 2.37

5 | Integration (mostly) Charity-driven Charity-driven Charity-driven

Sources/ Legend: [1] SNIS, version 2024.006 (IN032); [2] Brazil recovered 1.12 million tons of dry recyclable waste from all 5 060 municipalities in 2022
(Ministry of Cities — Brazil, 2023, p.116), or 5.52 kg/ inhabitant/year per capita, considering a population of 203.1 million in that year (IBGE Census 2022);
[3] SNIS, version 2024.006 (IN031); [4] Ministry of Cities — Brazil, 2023, p.120; [5] Results of content analysis of this present study based on the Samson’s

(2020) framework.
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are constantly involved in the research process. Second,
acknowledging epistemological injustices inherent in cap-
italist society and even in participatory research (Kimura
& Kinchy, 2016), we recommend a feminist-inspired citizen
science (CS) approach (Engelmann et al., 2022) to address
the data gap identified here. This entails a new way of en-
gaging with CS, coupled with multi-sited and extended eth-
nography (Burawoy, 2009), addressing both epistemologi-
cal and human erasures, by involving multiple actors in the
waste management process, both users and service provid-
ers, such as reclaimers and municipal utility operators, to
create connections rather than reproducing hierarchies and
siloed social spaces. We understand a feminist approach
to citizen science as an approach informed by an ethics of
care (in this case, for knowledge and common data collec-
tion) and shared responsibilities in the public service (Pi-
oggia, 2024). Finally, to address the economic erasure, we
recommend adopting a diverse economy (Gibson-Graham,
2008) perspective as an overarching theoretical framework
that allows us to recognize the economic power of the re-
cyclingscape, its transformative potential, and stimulate
the imagination that is necessary to make new, inclusive,
and circular alternatives possible (Roelvink et al., 2015).
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1. INTRODUCTION

The “linear” economy, also known as the “take-make-

vironmental sustainability through the application of circular economy principles. In
Europe, CDW recovery rates generally exceed regulatory target; only few countries
don’t reach 70% recovery by weight outlined in Directive 2008/98/EC. ISPRA (ltalian
Institute for Environmental Protection and Research) data shows that the CDW re-
covery rate in Italy is over 81%. However, diverging perspectives exist; reports shows
illegal CDW dumping in some Regions, compromising environmental and public
health efforts. Despite progress, RAs still present challenges, mostly because of its
heterogeneity. To safeguard the recovery, the End-of-Waste regulation for inert waste
was introduced in Italy: the requirements introduced by Ministerial Decree 152/2022,
replaced by the Ministerial Decree n.127/2024, could involve several issues to pro-
mote the CDW recovery. The aim of this study is to illustrate the characteristics of
RAs with respect to the requirements set by the EoW regulation, in order to evaluate
the effect of its implementation on the recovery feasibility. About 2500 laboratory
certificates (chemical analysis and leaching tests) are collected; they referred to
CDW and RAs quality monitoring in 2020-2022 carried out by 28 Italian recycling
plants. These data were analyzed in order to statistically verify the compliance of
RAs with the EoW requirements.

tics, textiles, electronic waste, food and water, packaging,

batteries and vehicles.

dispose” model, has been the dominant industrial system
for the past 150 years. It involves extracting raw materials,
mass consumption, and producing waste once the prod-
uct’s life cycle has ended. This approach is recognized as
unsustainable and it is necessary to adopt a new “circular”
economy model that reduces and eliminates waste, diver-
sifies material sources, and extends the life of products
(Papadaki at al., 2022).

The Community regulatory framework focuses on the
recovery and use of waste materials to preserve natural re-
sources through the Waste Framework Directive 2008/98/
EC and its amendment EU Directive 2018/851. The Euro-
pean Commission’s action plan prioritizes seven crucial
sectors for a circular economy, including buildings, plas-

The building sector is a major contributor to the de-
pletion of natural resources due to its intensive use. Con-
struction and demolition waste (CDW), listed in Chapter
17 of the European Waste List (EWC), is one of the largest
waste streams produced in Italy and Europe. In 2023, Ita-
ly produced over 61 million tonnes of CDW (ISPRA, 2025),
excluding excavated soil and rock, and dredging spoil. It
represents the fourth largest producer in Europe after Ger-
many, France, and the United Kingdom (Eurostat, 2022).

The Italian CDW recovery rate in 2023 was 81% (ISPRA,
2025), exceeding the 70% goal established by European
Directive 2008/98/EC. Countries with high recovery rates
are the ones with the best practices in terms of waste
treatment. For example, in the Netherlands, Luxembourg
and Belgium, characterized by densely populated areas,
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great efforts have been made to reduce the disposal of
mineral waste from construction and demolition. Many of
the Member States with higher recovery rates have a good
range of CDW management structures, such as Denmark,
Italy, Ireland, Germany and Luxembourg (European Com-
mission, 2017).

To do this, it is very important to know their compo-
sition, that is influenced by several factors, including the
variability of raw materials, the construction practices,
the demolition techniques (usually non-selective mode is
adopted), and the lack of advanced treatment processes
in recycling plants (Juenger and Siddique, 2015; Silva et al.,
2017; Galvez-Martos et al., 2018; Ruggeri et al., 2019).

The heterogeneous mixture of CDW components (Bian-
chini et al., 2020; Diotti et al., 2021) makes it difficult to
recycle and market recycled aggregates (RAs) from their
treatment. In fact, according to Caro et al. (2024), the av-
erage CDW in the EU has a high mixed fraction composi-
tion (59.2%). The individual fractions composing CDW are:
concrete (24%), bricks (5%), metals (4.3%), wood (2.3%),
hazardous components (1.8%), gypsum (1.4%), ceramics
and tiles (1.2%), insulation materials (0.3%), plastic (0.2%),
glass (0.2%), paper and cardboard (0.2%).

The chemical composition of RAs depends on the char-
acteristics of the CDW from which they originate (Butera
et al,, 2014). Because CDW undergoes simple mechanical
treatment, its elements often remain in RAs. Literature
shows chromium as one of the most critical compounds.
Total chromium, a major concrete component, can appear
in high concentrations due to raw materials (Sinyoung et
al., 2011; Estokova et al., 2018), but it also derives from ce-
ramic and asphalt fractions. Zinc, vanadium, and nickel are
also found, especially in cementitious and bituminous ma-
terials, with vanadium common in bitumen. Ceramic, clay,
and brick fractions show high sulphate and fluoride levels,
particularly in pure gypsum, with very high concentrations
(Cilli et al., 2017; Imteaz et al., 2020). Bituminous mixtures
contain significant hydrocarbons and polycyclic aromatic
hydrocarbons (PAHs), mainly from traffic-related activities
(Sadler et al., 1999).

In Italy, the recycled aggregates (RAs) from CDW treat-
ment are mainly used for infrastructure construction (roads,
railways, cycle paths, etc.) (81.2%), followed by fillings and
other uses (11.6%). The using of RAs for non-structural
concrete (6.8%), and structural concrete (0.4%) production
is still very low. This is due to the low in-situ generation of
RAs derived from concrete demolition only (EWC 170101),
that can be used, according to regulations, for new con-
crete production (Fondazione per lo sviluppo sostenibile
and FISE UNICIRCULAR, 2021).

To promote the shifting to a circular economy, the EU
has established that waste status ends when a material is
subjected to recovery processes in accordance with spe-
cific requirements. Currently, End-of-Waste (EoW) criteria
have been defined, at European level, for the following cat-
egories of waste: scrap iron, steel and aluminium, glass
cullet, and copper scrap. In Italy, according to the require-
ments reported in Legislative Decree 152/2006 (ltalian
Government, 2006) and subsequent amendments (article
184-ter), EOW regulations are available for the following

waste categories: bituminous conglomerate, absorbent hy-
giene personal care products, SRF (Solid Recovered Fuel),
End-of-Life Tires (ELT) derived rubber, paper and board,
CDW. Additionally, EoW regulations are being drafted for
road sweeping waste, textile waste, bituminous membrane,
and gypsum-based waste.

As concerns CDW, EoW criteria have not yet been de-
fined at European level, although some projects are availa-
ble and a preliminary list of pre-selected CDW and by-prod-
uct streams is investigated (Reetsch et al., 2024). The JRC
has published a draft technical proposal on EoW criteria
for mineral CDW, which will then be used as a basis by the
European Commission for defining the relevant Regulation
(Egle et al., 2025). Similar to Austria, France, the Nether-
lands, Belgium, the United Kingdom and Ireland, recently
the EoW regulation for inert waste has been also published
in Italy. Other countries (Denmark, Finland, Czech Repubilic,
Germany, Spain and Sweden) that don't have the EoW cri-
teria have nevertheless adopted leaching criteria following
European standards (Velzeboer and van Zomeren, 2017).

An analysis of End of Waste (EoW) criteria across Euro-
pean countries shows differences in accepted input waste,
though CDW—cement/concrete, bricks, tiles, and ceram-
ics—is universally considered a basic material for recovery
and RAs production. The Netherlands applies EoW rules for
“stony waste” from construction, renovation, and demoli-
tion, limiting codes to EWC 17 01 01 (concrete), 17 01 02
(bricks), and 17 01 07 (mixtures). Belgium (Wallonia) only
accepts chapter 17 codes, unlike Italy, which also allows
others; Ireland permits a broad range, while France is very
selective.

For RAs composition, Dutch limits for parameters like
sum of PAHs and PCBs are less strict than Italy’s. France
allows concrete and mixed aggregates under limits for
hydrocarbons (C10-C21), PAHs, TOC, and BTEX, general-
ly higher than Italian criteria. Regarding pollutant release,
leaching tests are different: e.g. Austria uses EN 12457-4
(10 L/kg liquid-to-solid ratio, 10 mm max size vs. ltaly’s 4
mm), while the Netherlands adopts EN 14405 up-flow per-
colation. Detected parameters also vary; Austria sets fewer
limits. Overall, Italian values are among the most restrictive
(Velzeboer and van Zomeren, 2017).

The first version of Italian EOW regulation published in
2022 (Ministerial Decree 152/2022, Italian Ministry of eco-
logical transition, 2022) has raised some concerns in the
construction and recycling sector, with the risk to increase
the amount of CDW sent to landfills. It has been noted that
it is challenging to comply with the EoW criteria, particular-
ly those pertaining to the content of pollutants in the solid
matrix that set (in 2022 release) the same (and very low)
limit values for all applications of RAs derived from CDW
treatment.

In 2024 the Ministerial Decree n. 127/2024 (Italian Min-
istry of environment and energy security, 2024) replaced
the first EoW version, and some changes were implement-
ed, in order to make its application more effective to move
towards a circular economy approach. The addition of var-
ious threshold limits for the content of pollutants depend-
ent on the types of RA use was the primary change with
regard to the 2022 version.
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This work aims to highlight the chemical and environ-
mental characteristics of CDW and RAs obtained from their
treatment and to compare them with the EoW criteria out-
lined in the recent Italian regulation. The statistical results
presented are based on the elaboration of 2500 certificates
of analysis obtained from 28 Italian CDW recycling plants.

2. MATERIALS AND METHODS
2.1 Data collected

Thanks to the collaboration with the National Associa-
tion of Building Constructors (ANCE), the Italian CDW treat-
ment facilities were contacted to carry out a survey using a
questionnaire. This survey’s objectives are to examine the
kinds of treatments used in recycling facilities, the quantity
and kind of CDW that are treated, the production of RAs, the
internal quality control procedures for incoming waste and
outgoing aggregates, and to gather historical information
regarding the qualitative features of the treated CDW and
the RA generated.

28 CDW recycling plants took part to the survey and
provided the required data. The location of these plants is
reported in Figure 1. It can be noted that the medium- and
high-capacity plants (with CDW amount higher than 100 kt/
year) account for about 40%.

The plants considered have been also classified by
EWC codes of the waste they can receive. As shown in Fig-
ure 2, the most commonly treated waste is mixed fraction

L4

" LIEC N =" |nnsbi

(EWC 17 09 04), followed by soil and rock (EWC 17 05 04),
and concrete (EWC 17 01 01).

These plants provided 2500 certificates of analysis
both on CDW and RAs referred to the period 2020-2022. Ta-
ble 1 shows the number of available certificates divided ac-
cording to the type of treated waste. The analyses include
the determination of chemical composition (to measure
the content of pollutants in the solid matrix) and leaching
test in water carried out with a liquid-to-solid ratio of 10 L/
kg, according to UNI EN 12457-2 (the leaching test with CO,
saturated water is applied only to the samples of the plants
located in Bolzano Province).

It is evident that around 70% of CDW certificates, in-
cluding those pertaining to leaching tests and chemical
composition, make reference to mixed waste (EWC 17 09
04). Regarding RAs, it is frequently impossible to know the
type of CDW from which they were obtained (in 60% of cas-
es for chemical composition and 74% for leaching test).

Although the number of tests available for CDW (1155)
and RAs (1337) is similar, there are more chemical com-
position measurements available for CDW (77%) and more
leaching test results for RAs (71%).

2.2 Elaboration criteria

As concerns graphical representation, the box-plot
methodology was applied. This methodology allows eval-
uating the entirety of the data distribution in relation to
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FIGURE 1: CDW treatment plants that took part in the survey: location and size category.
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Code of recycling plant

B n.a. (not available)

M Bricks (17 01 02)

B Waste ceramics, bricks, tiles and construction products (10 12 08) & Bituminous mixtures (17 03 02)

® Tiles and ceramics (17 01 03)
O Other waste (not specified)
B Soil and rock (17 05 04)

O Concrete (17 01 01)
O Mixtures of concrete, bricks, tiles and ceramics (17 01 07)
® Mixed CDW (17 09 04)

FIGURE 2: Distribution of treated CDW by EWC code (reference year: 2022).

specific statistical values including the 25", 50™, and 75"
percentiles. The basic idea is to identify the central obser-
vations with a “box” the central observations, with “tails”
coming out of the box the values that are closest to the box,
and with dots and stars the anomalous observations. A box
plot represents the distribution of data and consists of a
box from the first quartile (Q1) to the third quartile (Q3). The
median of the data is represented by a horizontal line inside
the box (Q2). Approximately 50% of the data falls within the
box (IQR, calculated as the difference between Q3 and Q1).

The tails of the distribution, which are the extreme val-
ues, are represented by continuous lines starting from the
edges of the box (Q1 and Q3) and ending with two other
horizontal lines, the whiskers. The tails delimit the intervals
(1.5 1QR) in which the lower values of Q1 and the higher
values of Q3 are located. The limit values for the whiskers
are defined as Q1 - 1.5 * IQR for the lower whisker and Q3 +
1.5*1QR for the upper whisker. The values outside the tails

are considered anomalous values and significantly deviate
from the other data points in the same population. Outliers
(between 1.5 and 3 times IQR) are considered normal while
extreme values (over 3 IQR) are generally rare and far from
the central data distribution represented by the box.

The results are also summarized in tables. For each
parameter reported in the laboratory certificates, the mini-
mum, maximum, and average values were given. The results
obtained were compared with the following limit values:

< For the content of pollutants in RAs (chemical compo-
sition), the limit values set by the EoW regulation (Min-
isterial Decree n. 127/2024 - Annex 1, Table 2), which
provides two different columns:
- the column 1 - more restrictive limits - for the use of
RAs in environmental reclamation and filling;
- the column 2 - less restrictive limits - for other ap-
plication of RAs such as bituminous mixtures, foun-

TABLE 1: Number of certificates of analysis available for CDW and RAs.

Construction and demolition waste (CDW)

Recycled aggregates (RAs)

Type of waste (EWC)

c:r::?si?t?clm Leaching test c:r::?si?t?clm Leaching test
Concrete (17 01 01) 8 21 0 38
Mixtures of concrete, bricks, tiles and ceramics (17 01 07) 31 11 0 0
Bituminous mixtures (17 03 02) 102 47 72 232
Soil and rock (17 05 04) 74 34 10 18
Mixed CDW (17 09 04) 461 331 0 7
Other waste / not available 17 18 119 841
Total 693 462 201 1136
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dation layer and sub-bases for roads, and concrete
production.
+ Forthe release of pollutants from RAs (results of leach-
ing test):

- the limit values established by EoW regulation (Min-
isterial Decree n. 127/2024 - Annex 1, Table 3);

- the limit values set by Ministerial Decree n.
186/2006 for the waste recovery in simplified pro-
cedure (the limits are equal to the ones imposed by
EoW regulation, with the exception of sulphates and
chlorides).

In these tables, the results obtained are also reported
in terms of percentages of exceeding (or compliance). In
many cases, especially for the chemical composition, the

instrumental determination value (detection limit - D.L.) re-
ported in analytical certificates was higher than the thresh-
old value (especially for the more restrictive limits). There-
fore, the following percentages were calculated:

certain exceedance: number of samples that certainly
exceed the limit (e.g. CrVI = 2.47 mg/kg greater than
the limit of 2 mg/kg), in relation to the total number of
data available;

possible exceedance: number of samples that could
exceed the limit, taking into account only the values re-
ported as < D.L., when D.L. is greater than the limit itself
(example CrVI < 5 mg/kg compared to the limit of 2 mg/
kg), in relation to the total number of data available;
certain and possible exceedance: number of samples

TABLE 2A: Chemical composition of RAs and compliance/non-compliance with the more restrictive requirements provided by Italian EoW

regulation.
Content (A) Tab.2, Col. 1, Ministerial Decree 127/2024
Paramater Number o N:)n-complian::e . Certain
ofdata | \inimum | Average | Maximum Limit : Certain : compli-
values Certain | Possible | and ance
i : possible
Chromium VI [mg/kg,,] 131 <0.1
Benzene [mg/kg,,] 31 <0.002
Ethylbenzene [mg/kg,,] 31 <0.002
Styrene [mg/kg,,] 23 <0.002
Toluene [mg/kg,,] 31 <0.002
Xylene [mg/kg,,] 31 <0.002
BTEXS [mg/kg,,] 25 <0.05
Benzo(a)anthracene [mg/kg,,] 98 <0.005
Benzo(a)pyrene [mg/kg,,] 98 <0.005
Benzo(b)fluoranthene [mg/kg,,] 98 <0.005
Benzo(k)fluoranthene [mg/kg,,] 73 <0.003
Benzo(g.h.i)perylene [mg/kg,,] 98 <0.005
Chrysene [markg,,J 98 <0.005
Dibenzo(a.e)pyrene [markg,,J 96 <0.002
Dibenzo(a.l)pyrene [mar/kg,,J 95 <0.002
Dibenzo(a.i)pyrene [markg,,J 98 <0.002
Dibenzo(a.h)pyrene [mg/kg,,J 98 <0.002
Dibenzo(a.h)anthracene : [mg/kg,, | 88 <0.002
Indenopyrene [mg/kg,,J 87 <0.004
Pyrene [mg/kg,,] 86 <0.005
Sum of PAH [mg/kg,,] 88 <0.005
Phenol [mg/kg,,] 19 <0.0025 0.0%
PCB [ma/kg,,] 19 <0.001
;—gaﬁlv%l)hydrocarbons [ma/kg,,] 81 <20
Asbestos [mg/kg,,] 197 Absent :
Floating materials [em3/kg] 6 0.01 0.01 0.01 5 0.0% 0.0% 0.0% 100.0%
Extraneous material [%] 6 <0.01 0.34 <1 1 0.0% 0.0% 0.0% 100.0%

(A): use of RAs for environmental reclamation and filling

PAH: polycyclic aromatic hydrocarbons; PCB: polychlorinated biphenyls; BTEXS: sum of benzene, toluene, ethylbenzene, xylene, and styrene
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TABLE 2B: Chemical composition of RAs and compliance/non-compliance with the less restrictive requirements provided by Italian EoW

regulation.
Content (B) Tab.2, Col. 2, Ministerial Decree 127/2024

barameter Number ) » Non-compliance Certain
ofdata ' \inimum | Average Maxi Limit Certain : compli-

mum values Certain | Possible and ance

possible

Chromium VI [mg/ngM] 131 <0.1 0.27 <5 15 0.0% 0.0% 0.0% 100.0%
Benzene [mg/ngM] 31 <0.002 0.20 <1 2 0.0% 0.0% 0.0% 100.0%
Ethylbenzene [mg/kg,, 1 31 <0.002 0.22 <1 50 0.0% 0.0% 0.0% 100.0%
Styrene [markg,, 23 <0.002 0.12 <1 50 0.0% 0.0% 0.0% 100.0%
Toluene [markg,, 31 <0.002 0.22 <1 50 0.0% 0.0% 0.0% 100.0%
Xylene [markg,, 1 31 <0.002 0.22 <1 50 0.0% 0.0% 0.0% 100.0%
BTEXS [markg,, 25 <0.05 0.20 <0.5 100 0.0% 0.0% 0.0% 100.0%
Benzo(a)anthracene [markg,, 1 98 <0.005 4.44 <10 10 0.0% 0.0% 0.0% 100.0%
Benzo(a)pyrene [markg,, 1 98 <0.005 4.44 <10 10 0.0% 0.0% 0.0% 100.0%
Benzo(b)fluoranthene [markg,, 1 98 <0.005 4.51 <10 10 0.0% 0.0% 0.0% 100.0%
Benzo(k)fluoranthene [markg,, ] 73 <0.003 4.47 <10 10 0.0% 0.0% 0.0% 100.0%
Benzo(g.h.i)perylene [markg,, ] 98 <0.005 4.44 <10 10 0.0% 0.0% 0.0% 100.0%
Chrysene [mg/ngM] 98 <0.005 4.44 <10 50 0.0% 0.0% 0.0% 100.0%
Dibenzo(a.e)pyrene [mg/ngM] 96 <0.002 4.50 <10 10 0.0% 0.0% 0.0% 100.0%
Dibenzo(a.l)pyrene [mg/kg,, 1 95 <0.002 4.54 <10 10 0.0% 0.0% 0.0% 100.0%
Dibenzo(a.i)pyrene [mg/ngM] 98 <0.002 4.43 <10 10 0.0% 0.0% 0.0% 100.0%
Dibenzo(a.h)pyrene [mg/kg,, 1 98 <0.002 4.43 <10 10 0.0% 0.0% 0.0% 100.0%
Dibenzo(a.h)anthracene : [mg/kg,, | 88 <0.002 4.88 <10 10 0.0% 0.0% 0.0% 100.0%
Indenopyrene [mg/kg,, 1 87 <0.004 4,97 <10 5 0.0% 47.1% 47.1% 52.9%
Pyrene [mg/ngM] 86 <0.005 4.98 <10 50 0.0% 0.0% 0.0% 100.0%
Sum of PAH [mg/kg,, 1 88 <0.005 12.85 <70 100 0.0% 0.0% 0.0% 100.0%
Phenol [markg,, 1 19 <0.0025 0.12 <1 60 0.0% 0.0% 0.0% 100.0%
PCB [markg,, 19 <0.001 0.11 <1 5 0.0% 0.0% 0.0% 100.0%
'("C‘i"j_l"%')hydr°°a’b°”3 [mg/kg,,] 81 <20 361 9464 750 11.1% 0.0% 11.1% 88.9%
Asbestos [markg,, I 197 Absent 63 <1000 100 0.0% 2.0% 2.0% 98.0%
Floating materials [cm3/kg] 6 0.01 0.01 0.01 5 0.0% 0.0% 0.0% 100.0%
Extraneous material [%] 6 <0.01 0.34 <1 1 0.0% 0.0% 0.0% 100%

(B): use of RAs for bituminous mixtures, foundation layer and sub-bases for roads, railways, airports and civil/industrial yards, concrete production.

PAH: polycyclic aromatic hydrocarbons; PCB: polychlorinated biphenyls; BTEXS: sum of benzene, toluene, ethylbenzene, xylene, and styrene ; DM: dry matter

that could exceed the limit, considering not only the
certain exceedances (e.g. CrVI = 2.47 mg/kg greater
than the limit of 2 mg/kg), but also values reported as <
D.L., where D.L. exceeds the limit itself (example CrVI <
5 mg/kg compared to the limit of 2 mg/kg), in relation
to the total number of data available;

+ certain compliance: the number of samples that with
certainty comply with the regulatory limit, in relation to
the total number of available data.

3. RESULTS
3.1 Chemical composition of recycled aggregates

In this paragraph, the results about RAs chemical com-
position are shown. In Tables 2A and 2B, the non-compli-

ance values are highlighted in grey cell. Moreover, the min-
iminum, average, and maximum contents of pollutants are
reported (the average values are calculated considered the
values lower than detection limit (D.L.) equal to D.L.).
Heavy hydrocarbons (C>12) are the most critical pol-
lutants: it can be note (Table 2A) that 22% of the analyz-
ed samples don't respect (certainly) the more restrictive
limit (reported on EoW regulation — Ministerial Decree
127/2024, Table 2, column 1 - that regulates the use of
RAs for environmental reclamation and filling). Benzo(a)
pyrene, benzo(g,h,i)perylene, and PCB (polychlorinated
biphenyls) show certain exceedances of about 5% with
respect the more restrictive limit values. Despite this per-
centage be quite low, the possible non-compliance is high
(also up to 79%) for several PAHs and benzene. Based on
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TABLE 3: Results of leaching tests on RAs and non-compliance with requirements provided by the Italian EoW regulation (M.D. 127/2024)

and the Italian waste recovery legislation (M.D. 186/2006).

Ministerial Decree Ministerial Decree

Parameter Nu;nber of Minimum Average Median Maximum 127/2024, Tab. 3 18612006, Annex3
ata* Limit Non-com- Limit Non-com-
values pliance values pliance

pH [ 998 6.4 10.1 10.0 12.6 5.5-12 0.4% 5.5-12 0.4%
Nitrates [mg/L] 1009 <0.1 11.4 5.0 155 50 0.4% 50 0.4%
Fluorides [mg/L] 1009 <0.025 0.41 0.25 3883 1.5 0.3% 1.5 0.3%
Sulphates [mg/L] 1009 <1 55.5 29.2 816 750 0.2% 250 0.8%
Chlorides [mg/L] 1009 0.55 11.1 10.0 89.0 750 0.0% 100 0.0%
Cyanide [pg/L] 1007 <0.01 8.78 10.0 <50 50 0.0% 50 0.0%
Barium [mg/L] 1009 <0.0001 0.07 0.09 <5 1 0.2% 1 0.2%
Copper [mg/L] 1009 <0.0001 0.01 0.01 0.08 0.05 0.2% 0.05 0.2%
Zinc [mg/L] 1009 <0.0001 0.07 0.05 4 3 0.1% 3 0.1%
Beryllium [ng/L] 1009 <0.001 1.17 1.00 9.10 10 0.0% 10 0.0%
Cobalt [pg/L] 1009 <0.005 3.91 5.00 28.8 250 0.0% 250 0.0%
Nickel [pg/L] 1009 <0.0001 2.34 1.00 15.9 10 0.2% 10 0.2%
Vanadium [pg/L] 1009 <0.01 15.3 10.7 211 250 0.0% 250 0.0%
Arsenic [ug/L] 1007 <0.001 3.91 3.60 33.1 50 0.0% 50 0.0%
Cadmium [ng/L] 1008 <0.001 0.57 0.50 <5 5 0.0% 5 0.0%
Total Chromium : [ug/L] 1008 <0.001 17.2 10.0 282 50 0.3% 50 0.3%
Lead [ug/L] 1008 <0.005 4.15 5.00 45.0 50 0.0% 50 0.0%
Selenium [ug/L] 1008 <0.005 1.73 1.00 14.2 10 0.1% 10 0.1%
Mercury [pg/L] 1009 <0.0001 0.37 0.50 1.50 1 0.2% 1 0.2%
Asbestos [mg/L] 554 0.00005 4.55 1.00 <30 n.p. 30 0.0%
coD [mg/L] 1009 1 16.6 15.0 43.0 30 0.4% 30 0.4%

* The samples related to the leaching tests performed with CO, saturated water (not in according with UNI EN 12457-2) were not considered.

n.p.: not provided

the available data, we are not able to clear identify the RA
compliance or not, because the D.L. is not enough lower
than the respective threshold.

The only parameter that certainly exceeds the less re-
strictive limits for RAs application in bituminous mixtures,
sub-bases for roads and concrete production, etc.) (Table 2,
column 2, M.D. 127/2024) are heavy hydrocarbons (C>12),
with a percentage of exceedance of 11%. Indenopyrene
and asbestos show possible non-compliance (Table 2B).

A comparison between the composition of CDW and
RAs is reported in Figure 3, for the most critical parame-
ters. It is important to note that the certificates of analysis
related to the produced RAs do not correspond to those of
the treated CDW to obtain such RAs; furthermore, for the
same parameters, the instrumental detection limits are dif-
ferent. In fact, CDW are analyzed with the aim to verify the
non-hazardous classification, while RAs must comply the
requirements for their recovery.

It can be observed that the content of PCBs and heavy
hydrocarbons (C>12) decreases from treated CDWs to
produced RAs. Therefore, the treatments adopted in the
CDW recycling plants are able to slightly reduce the con-
tent of pollutants. Instead, PAHs, such as benzo(a)pyrene
and benzo(g,h,i)perylene, show opposite behaviour: this is
caused by the presence of many analytical certificates in

which the instrumental detection limit for RA is higher than
CDW ones.

Figure 4 shows the effect of CDW type (based on EWC)
used to produce the RAs on the content of most critical pol-
lutants in RAs. Regarding heavy hydrocarbons (C>12) and
PHAs, such as benzo(a)pyrene and benzo(g,h,i)perylene,
the concentrations measured in RAs produced from bitu-
minous mixtures (EWC 17 03 02) are significantly higher
and much more scattered than RAs produced from other
kind of waste. It is important to note that it is impossible to
know the origin of the waste for a considerable number of
RAs (reported in Figure 3 as “EWC n.a.”). Based on the data
analyzed (Figure 2 and Table 1), most of them are probably
obtained from the mixed CDW (EWC 17 09 04), therefore
with heterogenous quality.

As concerns heavy hydrocarbons, almost all the RAs
obtained from bituminous mixtures don't comply the less
restrictive limit - 750 mg/kg,,, - set by the EoW regulation
(Ministerial Decree 127/2024). It should be noted that for
this kind of RA are already available EoW criteria provided
by Ministerial Decree 69/2018, which does not require the
measurement of heavy hydrocarbons in the final product
(bituminous conglomerate granulate), but rather requires
monitoring the sum of PAHs (with a threshold limit of 100
mg/kg,,,) and asbestos (1000 mg/kg,,,)-
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FIGURE 3: Comparison between CDW and RAs chemical composition — most critical pollutants (n: number of analyses).
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mation about CDW treated to produce RA).
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The RAs obtained from the treatment of soil and rocks
(EWC 17 05 04) often show high contents of heavy hydro-
carbon that exceed the more restrictive limit (50 mg/kg,,,)
and, occasionally, even the less restrictive limit. This could
be due to the fact that during the excavation phase of this
CDW, some fractions of bituminous mixtures are also col-
lected and subsequently processed to produce the recy-
cled aggregates.

As concerns PCBs, high content is observed for the
RAs obtained by unknown CDW (probably most of them
with significant concrete fraction).

3.2 Release of pollutants from recycled aggregates

As reported for the chemical composition, the results
of the leaching test on RAs (according to UNI EN 12457-2)
were elaborated (Table 3) in order to show the non-com-
pliance both with the Italian EoW criteria (M.D. 127/2024)
and the national regulation for waste recovery in simplified
procedure (M.D. 186/2006). It can be noted that the limit
values are the same, with the exception of sulphate and
chloride, and the asbestos (this pollutant is not provided in
EoW regulation). For each parameter in the database, min-
imum, maximum, average and median concentrations are
also reported. Also in this case, the average and the medi-
an values are calculated considered the values lower than
detection limit (D.L.) equal to D.L.. The non-compliance val-
ues are highlighted in grey cell.

Unlike the chemical composition, it was not necessary
to calculate the possible non-compliance, because, for
each parameter, the analysis performed is able to reach
concentrations lower than the limit threshold.

It can be noted that there are no particular critical is-
sues. Over 99% of the samples meet the EoW regulation’s
requirements. Few non-compliances (that do not exceed
1%) are referred to pH, nitrates, COD, fluorides, total chro-
mium, sulphates, barium, nickel, copper, mercury, zinc, and
selenium.

Figure 5 shows the results of leaching tests, only for
the most critical parameters, using box-plot methodology,
in order to see the variability of the pollutants release. It
can be observed that:

concerning pH, despite in most cases it complies with
the regulatory limit (in the range 5.5 - 12), the measured
values are generally between 9.5 and 11; the higher val-
ues are probably due to the presence of cementitious
fraction; it is pointed out that pH is one of the most im-
portant parameters that affect the release especially of
the heavy metals;

COD is generally between 14 and 22 mg/L; also in
this case, although the non-compliance is occasional-
ly, sometimes the measured concentrations are quite
close to the limit threshold (30 mg/L); this aspect could
be due to the presence of soil fractions;

total chromium and nickel show scattered concentra-
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FIGURE 5: Results of leaching tests on RAs — most critical pollutants.
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tions; however, the non-compliance with the limits set
by EoW criteria (50 pg/L for total chromium and 10
pg/L for nickel) are very low;

regarding copper, even if only three values exceed the
limit values (0.05 mg/L), there are several concentra-
tions close to this threshold;

as concerns sulphates, most values are below both lim-
it values (250 imposed by the waste recovery regulation
and 750 mg/L provided by the EoW criteria), although
some values exceed 250 mg/L (threshold for waste re-
covery in simplified procedure).

As mentioned above, the higher releases of COD (Fig-
ure 6) — in few cases also over than EoW limit values - are
observed for RAs obtained from the treatment of soils and
rocks (EWC 17 05 04) and from unknown waste (probably
most of them are RAs derived from mixed CDW). This as-
pect could be due to the presence of residual soils (derived
from the demolition operation) in the mixed CDW sent to
the recycling plants.

As might be expected, high releases of total chromium
are noted in RAs obtained from cement CDW (EWC 17 01
01). Moreover, RAs derived from unknown waste (n.a. in
Figure 6) showed very scattered concentrations ang the
highest values, also above the threshold; their quality is
higly variable and occasionally cementitious and concrete
fractions may be found.

3.3 Environmental and economic implications of
non-compliant recycled aggregates

The use of RAs from CDW that do not comply with EoW
regulation can have serious environmental and econom-
ic consequences. From an environmental standpoint, one
major concern is the potential release of contaminants.
Heavy metals such as chromium, lead, copper, and zinc
can leach into soil and groundwater, posing risks to eco-

systems and human health (Diotti et al., 2020; Vu Quoc
Hung et al.,, 2022). Cement residues present in RAs tend
to produce highly alkaline leachates, which can disrupt soil
chemistry and harm microbial communities (Diotti et al.,
2020). Elevated sulphate concentrations are another issue,
as they may accelerate chemical degradation processes
and contribute to groundwater contamination (Diotti et al.,
2020). Furthermore, RAs that include asphalt can release
PAHs, compounds known for their toxicity and persis-
tence in the environment (Jandova et al.,, 2025). Studies
also highlight that contaminant loads vary widely among
recycled materials, and standard leaching tests may un-
derestimate their ecotoxic potential, making risk assess-
ment more complex (Maia et al., 2018; Vu Quoc Hung et
al., 2022).

On the economic point of view, non-compliant RAs
create several challenges. To meet environmental safe-
ty standards, additional treatments, such as advanced
washing, are often required, which significantly increase
production costs (Peiris et al., 2025a). If these materials
cannot achieve End-of-Waste status, they remain classi-
fied as waste, leading to higher disposal costs and reduc-
ing their market value (Garcia et al., 2024). This situation
undermines the competitiveness of recycled aggregates
compared to virgin materials and can discourage invest-
ment in recycling technologies (Dias et al., 2022). More-
over, non-compliance may result in exclusion from public
procurement processes and green-certified projects, limit-
ing market opportunities (Garcia et al., 2024). Producers
also face increased administrative burdens, including more
frequent testing and certification, which further raises op-
erational costs (Garcia et al., 2024; Diotti et al., 2020). Ulti-
mately, these factors can lead to greater volumes of waste
being sent to landfills, counteracting circular economy
goals and diminishing the environmental benefits of recy-
cling (Peiris et al., 2025a).
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FIGURE 6: Effect of CDW type on COD and total Chromium release from RAs (n: number of analyses; EWC n.a.: no information about CDW
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4. CONCLUSIONS

To promote waste reuse in the building sector, the
Italian EOW requirements for inert waste were published
in September 2024. There has been some news, mostly
about the addition of different limit values for the pollut-
ants’ content depending on the kind of RA application.

This study aims to assess the impact of the EoW reg-
ulation’s implementation on the viability of recovery by il-
lustrating the quality of RAs in relation to the requirements
established by the recent regulation. Therefore, a survey
was carried out on 28 ltalian recycling plants. The data
collected (in 2020 - 2022 period) are referred both to the
quality of waste treated by recycling plants (CDW) and to
recycled aggregates produced (RAs) ones. About 2500
laboratory certifications (both for chemical analysis and
leaching tests) are acquired.

Regarding the content of pollutants in RAs, the most
critical parameters are heavy hydrocarbons (C>12), PAHs
such as benzo(a)pyrene and benzo(g,h,i)perylene, and
PCB. It is important to underline that the use of the collect-
ed data does not always allow to assess with certainty the
non-compliances with the strictest limits established for
the application of RAs in environmental reclamation and
filling. In fact, the analysis results’ detection limits are often
greater than the more stringent threshold values.

The highest concentrations of heavy hydrocarbons and
PAHs were detected in RAs from the treatment of bitumi-
nous mixtures (EWC 17 03 02). Moreover, for these wastes,
there is already an EoW regulation (M.D. 69/2018) that has
no requirement for heavy hydrocarbons in the final product
(bituminous conglomerate granulate).

Even RAs obtained from soils and rocks (EWC 17 05 04)
often show content of heavy hydrocarbons above the most
restrictive limit (50 mg/kg,,,) and sometimes even above
the least restrictive limit (750 mg/kg,,,), probably due to
the presence of residues of bituminous mixtures during the
soil excavation phase.

As concerns the release of pollutants from RAs, any
critical issues are shown. For many parameters (pH, ni-
trates, COD, fluorides, total chromium, sulphates, bari-
um, nickel, copper, mercury, zinc, and selenium) very few
non-compliance (always below 1% of total samples) with
EoW requirements.

RAs obtained from soils and rocks (EWC 17 05 04)
show higher COD release, and RAs from cement waste
(EWC 17 01 01) show higher release of total chromium, due
to the presence of cementitious and concrete fractions.

Non-compliant recycled aggregates from CDW may
leach heavy metals, sulphates, and PAHs, contaminating
soil and groundwater. Economically, extra treatments and
certifications increase costs, and failure to meet End-of-
Waste standards results in landfill disposal and market
exclusion. Overall, non-compliance weakens circular econ-
omy objectives and limits competitiveness in sustainable
construction.
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ABSTRACT

Fly-tipping is the illegal disposal of waste onto land and can range from a bin bag
of household waste to copious quantities of domestic, commercial or construc-
tion waste. A decade after the Paris Agreement 2015 on climate change, there is
increased urgency to implement inclusive policies that can contribute to sustainable
waste management services and reduce the environmental impacts of fly-tipping.
This study explores the characteristics of bulky waste kerbside collection services
through analysis of website disclosures from local authorities across Scotland. A
database was constructed to identify potential barriers to service uptake and provide
insights for policy makers and waste managers. It is crucial to ensure that materials
from this discrete waste stream do not leak out of the circular economy approach
being pursued by the Scottish Government. The findings highlight underlying factors
that may influence resident engagement with bulky uplift services and emphasise the
importance of effective communication and inclusive policies for local authorities
and waste managers. Our findings reveal critical gaps in accessibility, affordability,
and operational design that may inhibit service uptake and contribute to fly-tipping.
Recommendations include the adoption of inclusive booking and payment meth-
ods, progressive pricing policies, and coordinated digital solutions such as a unified
smartphone app. These measures could support legitimate disposal behaviours, re-
duce environmental harm caused by fly-tipping, and strengthen Scotland’s circular
economy outcomes. Mitigating fly-tipping and improving bulky item disposal routes
can reduce greenhouse gas emissions from landfill and support Scotland’s climate

1. INTRODUCTION

Scotland is positioned as a forerunner in implementing
the circular economy model, (Zero Waste Scotland, 2024a).
This leadership has been reinforced by recent legislation
with the introduction of the Circular Economy (Scotland)
Bill 2024, (NetRegs, 2024). Waste management services
in the UK, including Scotland, have been identified as the
26th best managed worldwide, (Statista, 2023). Despite
this strong position, illegal disposal methods such as
fly-tipping continue to represent significant ‘leaks’ within
otherwise controlled waste systems. Globally, the circu-
lar economy model faces systemic leaks when materials
escape controlled collection pathways through illegal dis-
posal, inadequate infrastructure, or informal trade routes,
(Cook & Velis, 2021; Song et al., 2023; UNEP, 2024). These
leaks commonly involve household waste, construction
and demolition debris, which together account for a signifi-
cant share of uncontrolled waste flows worldwide, (Song et

targets by retaining products and materials in circulation.

al., 2023; UNEP, 2024). Such losses compromise resource
efficiency, increase greenhouse gas emissions from land-
fill, and perpetuate environmental injustice in regions with
limited waste management capacity, (Cook & Velis, 2021;
UNEP, 2024). Figure 1 illustrates fly-tipping as a leak from
the circular economy model, occurring at the nexus of con-
sumption and collection.

The circular economy model aims to retain materials of
value within circulation promoting economic growth while
reducing environmental impacts, (Takahashi, 2020). How-
ever, waste management problems are widely recognised
as ‘wicked issues’ due to their social and political com-
plexity, (Salvia et al., 2021). In this context, fly-tipping is
not merely a behavioural issue but a symptom of systemic
barriers to legitimate disposal. Framing fly-tipping as a leak
from the circular economy model allows targeted analysis
of specific waste streams and their disposal routes with
a goal of mitigating leakage through improved service
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FIGURE 1: Fly-tipping as a leak from the circular economy model.

design and communication. Fly-tipping exemplifies these
systemic leaks with waste composition varying across
contexts but typically dominated by household bulky items
alongside mixed household waste and construction mate-
rials, (Comerford et al., 2018; Hodsman & Williams, 2017;
Scottish Government, 2023b). Globally, these uncontrolled
flows undermine circular economy objectives by diverting
recoverable materials into landfill or informal processing,
increasing emissions and eroding the integrity of waste
systems, (Song et al., 2023; UNEPR, 2024). Similar chal-
lenges have been documented internationally, where bulky
waste management and fly-tipping persist despite formal
service provision. Studies from Europe, Australia, and North
America highlight recurring issues of access, affordability,
and communication, reinforcing the need for comparative
insights to inform local policy development, (Comerford et
al., 2018; Keske et al., 2018; Larsen et al., 2012).
Household bulky items are the discrete waste stream
most frequently encountered in fly-tipping incidents across
Scotland, (Scottish Government, 2023b). Bulky items or
waste are items of furniture, white goods, e-waste or any
item you would take with you when moving house, (Hods-
man and Williams, 2011). These items can be difficult to
dispose of due to their material composition and size,
(Alexander et al., 2009a; Curran et al.,, 2007; Keske et al.,
2018). Our study analysed the information disclosed on
local authority websites to provide a narrative reflection
on the underlying factors that influence service uptake. En-
suring that bulky items are collected by dedicated services
mitigates their potential for fly-tipping which reduces eco-
nomic costs to governments and environmental impacts,
(Liu et al., 2017). The insights generated are relevant to pol-

icymakers and waste managers in Scotland and beyond,
as fly-tipping of bulky items is a global issue requiring ef-
fective and transparent communication strategies for dis-
posal services.

1.1 Background

Fly-tipping is the illegal dumping of waste and can
range from a bin bag of household waste to large quanti-
ties of domestic, commercial or construction waste, (Scot-
tish Government, 2023a). It is a global phenomenon that
manifests heterogeneously dependent on the availability
of waste management services. Developed countries with
waste management services experience fly-tipping as an
uncontrolled leak from a controlled system whereas de-
veloping countries lack basic waste management services
and experience fly-tipping as large, open dumpsites, (Song
et al,, 2023; UNEP, 2024). A decade after the Paris Agree-
ment 2015 on climate change, the urgency to implement
sustainable waste management policies has intensified,
(Dixon et al., 2022). Waste management is a critical sys-
tem for climate action as the sector contributes approx-
imately 4% of Scotland’s greenhouse gas emissions and
up to 15-20% globally, (Scottish Government, 2024; UNEP,
2024). Aligning disposal routes with circular economy prin-
ciples reduces reliance on landfill, which is a major source
of methane emissions, and promotes reuse and recycling
pathways that conserve resources and lower carbon in-
tensity, (Curran et al., 2007; Takahashi, 2020). Sustainable
waste management directly supports climate targets un-
der the Paris Agreement by reducing emissions associated
with extraction, production, and waste degradation, (UNEP,
2024). Furthermore, the leak from the circular economy
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model identified in our study primarily consist of house-
hold bulky items (furniture, white goods, and e-waste) that
escape formal collection systems and enter uncontrolled
disposal routes. While precise quantities are unknown,
bulky items are consistently reported as the most common
materials in fly-tipping incidents across Scotland, followed
by mixed bags of household waste then construction and
demolition debris, (Scottish Government, 2023b). National
estimates suggest that fly-tipping accounts for approxi-
mately 26,000 tonnes of waste annually, highlighting the
potential scale of resource loss when bulky items are di-
verted from reuse or recycling pathways, (Scottish Govern-
ment, 2023a; Zero Waste Scotland, 2017). Once dumped,
these items are typically damaged and sent to landfill,
eliminating any opportunity for recovery and increasing
greenhouse gas emissions from decomposition, (Curran
et al,, 2007; Liu et al., 2017). Beyond environmental harm,
the leak from the circular economy model imposes sub-
stantial economic costs, with clearance alone estimated at
£8.9-12.7 million annually, (Scottish Government, 20233,
2023b; Zero Waste Scotland, 2017). Addressing this leak
of household bulky items is therefore critical to maintain-
ing circular economy integrity and achieving climate and
resource efficiency goals.

Scotland has pursued ambitious zero waste plans for
over a decade, including the rollout of segregated kerb-
side recycling in 2012, (Griffiths et al., 2013). Zero waste
strategies aim to reduce, reuse, and recycle all municipal
waste streams in alignment with circular economy prin-
ciples, (Scottish Government, 2020b; Zero Waste Scot-
land, 2024a). The Circular Economy (Scotland) Bill 2024
strengthens this framework by mandating a national strat-
egy and introducing enhanced enforcement measures,
such as increased fines and vehicle seizure powers for
fly-tipping offences, (NetRegs, 2024). These developments
reflect Scotland’s commitments to climate action and em-
phasise the importance of addressing disposal routes for
household bulky items as a waste stream frequently found
in fly-tipping incidents, (Scottish Government, 2023b).
Bulky items, including furniture, white goods, and e-waste,
pose unique challenges due to their size, material complex-
ity, and incompatibility with standard collection systems,
(Hodsman and Williams, 2011; Keske et al., 2018). Their
improper disposal not only contributes to environmental
degradation but also incurs significant economic costs (Liu
et al., 2017). As Scotland advances its circular economy
ambitions, ensuring that bulky items are diverted from ille-
gal disposal and integrated into circular reuse or recycling
pathways is essential to reducing waste and supporting cli-
mate goals. Diverting bulky items from illegal disposal and
integrating them into reuse or recycling systems prevents
the loss of recoverable products and materials, avoiding
emissions from landfill, reinforcing the link between waste
management and climate action, (Curran et al., 2007; Scot-
tish Government, 2024).

1.2 Economic and environmental impacts of fly-tip-
ping

Fly-tipping is prohibited under section 33 (1) of the En-
vironmental Protection Act 1990, (Murdo, 2022). Despite

this, Scotland records between 60,000 and 66,000 fly-tip-
ping incidents annually with estimated clear up costs of
between £8.9m to £12.7m, (Scottish Government, 20233,
2023b; Zero Waste Scotland, 2017). These figures likely un-
derestimate the true cost, as incidents on private land are
not systematically recorded and data collection by local
authorities can be inconsistent, (Dixon et al., 2022; Scottish
Government, 2023a). When indirect costs are included, al-
beit aggregated with littering costs, the total economic bur-
den rises to an estimated £280.8million annually, (Scottish
Government, 2023b). This represents a significant strain on
public finances and taxpayers, (Webb et al., 2006; McNeill
et al., 2021), especially in the context of an ongoing cost-
of-living crisis, (Scottish Affairs Committee, 2024). These
financial pressures underscore the importance of under-
standing the factors that influence uptake of legitimate
waste services and how improved facilitation could reduce
both economic and environmental impacts.

Beyond its financial burden, fly-tipping poses serious
environmental and public health risks. The waste man-
agement sector contributes 4% of Scotland’'s greenhouse
gas (GHG) emissions, making sustainable resource use
essential to meeting climate targets, (Scottish Govern-
ment, 2024). Fly-tipping is a serious source of pollution as
the materials can contain substances that are destructive
to land, the habitats of wildlife and human health, (Liu et
al., 2017; Purdy et al., 2022; Song et al., 2023). Pollutants
leaching from fly-tipping sites can contaminate soil and
freshwater sources damaging fragile ecosystems, (UNER,
2024). When dumped in or near our waterways, this can
contaminate water sources or create flood risks by block-
ing rivers, (Purdy et al., 2022). Even after removal, items
damaged by the illegitimate dumping process will always
be destined for landfill or recovery despite any pre-dumping
potential for reuse or recycling, (Curran et al., 2007). These
outcomes undermine Scotland’s circular potential and
highlight the need for scrutiny of disposal routes, (Cook and
Velis, 2021). Accordingly, our study analyses website dis-
closures from Scottish Local Authorities (SLA) concerning
kerbside collection services for household bulky items giv-
en their prevalence in fly-tipping incidents across Scotland.

1.3 Scottish local authorities waste management
services for household bulky items

Waste management in Scotland is delivered by thir-
ty-two local authorities, commonly known as councils,
responsible for providing multiple public services to the
communities they serve. Household bulky items have two
local authority disposal routes. There are dedicated facili-
ties called Household Waste Recycling Centres (HWRCs)
in every region where residents can transport their items
for free, and there are chargeable kerbside collection ser-
vices where residents can have bulky items picked up in
proximity to their property. There are also other informal
bulky item disposal routes which include to sell or donate.
However, this study focuses upon formal disposal routes,
specifically the kerbside collection service due to logistical
challenges many residents face transporting bulky items.
Bulky items form a discrete waste stream with significant
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implications for circular economy outcomes, (Scottish
Government, 2016). However, their importance is often
obscured by broader recycling targets and limitations in
waste composition data, (Chung et al., 2010). Our study
is the first known analysis of SLA household bulky item
kerbside collection services. By examining service design
and accessibility, we aim to identify opportunities to reduce
fly-tipping and offer insights for policymakers in Scotland
and other regions facing similar challenges.

2. METHODS
2.1 Setting and study design

Scotland is one of four countries within the United King-
dom. It shares a border with England and has over eight
hundred islands, with an approximate population of 5.48
million, (Statista, 2024a). Some of the largest areas have
the smallest population densities, (Scottish Government,
2023b). The country’s diverse geography and population
density result in regional variations in waste management
practises. To account for these differences, this study uses
the Rural & Environment Science & Analytical Services (RE-
SAS) classification system, which categorises regions as
urban city, urban with significant rural, rural, and highland
and island (Scottish Government, 2018). This framework
supports context-specific analysis of service provision and
resident needs. To complement this, we used Scotland’s
census data on property types, and multiple deprivation us-
ing the national index to explore how these factors affect
the capacity to store bulky items and influence disposal be-
haviours.

2.2 Data extraction

Website disclosures on SLA kerbside bulky item collec-
tions, known as and referred to hereafter as bulky uplifts,
were accessed and analysed to consider the resident-fac-
ing process for service provision. Data was extracted from
the websites of all 32 SLA. Data collection occurred in two
phases: February to March 2024 and April to May 2024,
with accuracy checks in September 2024 and March 2025.
This allowed for two consecutive financial years to be in-
corporated into the analysis exploring temporal variations.
The database compiled includes service details such as
booking methods, accepted items, charges, payment op-
tions, and waiting times, alongside data on population den-
sity, deprivation levels, and property types.

2.3 Standardised charge benchmarking

To compare service costs across SLA, a standardised
charge (£/item) was calculated based on a ‘maximum util-
ity’ assumption. Maximum utility entails residents storing
items until they have the maximum number of items collect-
ed per uplift arranged, (Curran et al., 2007). Several SLA with
non-comparable pricing structures were excluded. While
this approach simplifies complex pricing models, it pro-
vides a useful benchmark for understanding cost variation.

2.4 Smartphone app availability

Smartphone app availability was assessed by searching
Apple and Android app stores in April 2024, with follow-up

checks in August 2024 and March 2025. The analysis
considered whether SLA offered apps, their functionality,
developer details disclosed, and whether they supported
bulky item bookings or fly-tipping reporting features.

2.5 Literature review contextualisation

A literature review was conducted using Scopus and
Google Scholar to identify research on household bulky
waste and fly-tipping. Three search strings were used:

“household” AND “bulky” AND (“items” OR “waste”);
(“kerbside” OR “curbside”) AND “bulky” AND “collec-
tion”;

“illegal dumping” AND “household” AND (“bulky” AND
“items” OR “waste”).

The review included peer-reviewed and grey literature to
ensure broad coverage with articles from several databas-
es: Emerald, Elsevier, JSTOR, Sage, SciFlo, SciSpace, Taylor
and Francis, and Wiley. While current literature is important
to frame the issue within contemporary thinking, applying
a date range arbitrarily was not considered appropriate for
this study. A flow diagram provided in Figure 2 illustrates
the screening and inclusion process.

The review conducted was systematic in approach
however, it does not meet strict criteria for a formal Sys-
tematic Literature Review (SLR) due to the inclusion of
non-academic sources. While not presented as a stan-
dalone section, insights from this review informed the
framing of the research and are referenced throughout the
results and discussion.

3. RESULTS AND DISCUSSION
3.1 Scottish local authority bulky uplifts

Bulky uplifts are a separate service from regular kerb-
side collections and must be booked by contacting the local
authority. Despite online assertions about free uplifts avail-
able, (Zero Waste Scotland, 2021), this is a service which is
charged for by all but one of the SLA. This could be quite
provocative or frustrating for residents who access a lo-
cal authority website and find that free bulky uplifts are not
available in their region. Especially when we consider that
charges are in addition to council tax that residents already
pay for other waste services, (Curran et al., 2006; McNeill
et al., 2021). Failure to capture reusable bulky items within
controlled systems not only undermines circular economy
goals but also increases emissions associated with land-
fill and replacement production, (Curran et al., 2007; UNEP,
2024). Evidence from other regions demonstrates that the
barriers identified in Scotland are not unique. In England,
research found that charges for bulky uplifts and limited
booking options reduced service uptake and increased the
risk of fly-tipping, (Curran et al., 2006; Hodsman & Williams,
2011). Studies in Australia and Canada reported similar
patterns, with seasonal free collection schemes improving
compliance and reducing illegal dumping, (Comerford et
al., 2018; Keske et al., 2018). In Denmark, monthly kerbside
collections in urban areas were associated with higher re-
use potential, while rural regions continued to face logisti-
cal challenges, (Larsen et al., 2012). These findings align
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FIGURE 2: Systematised literature review flow diagram.

with our results, indicating that service design, affordability,
and communication are critical determinants of legal dis-
posal behaviour across diverse contexts. Addressing these
factors through inclusive policy development is therefore
essential to mitigate systemic leaks from the circular econ-
omy model. Figure 3 provides our resident facing service
cycle for SLA bulky uplifts.

The service cycle provided has been used to system-
atically analyse SLA website disclosures for the points

of contact identified. The analysis of SLA website disclo-
sures leads to a better understanding of the resident-facing
process for services and captures the underlying factors
that require consideration for facilitation of bulky uplifts.
Household bulky items are the most frequently encoun-
tered materials in fly-tipping incidents in Scotland, (Scottish
Government, 2023b). The issue of household bulky items in
fly-tipping incidents is not just a UK phenomenon, it has
been observed as a source of fly-tipping or associated with

Navigate
website for
bulky uplift
information

Bulky item(s)
uplifted

Move bulky
item to
collection
point

Wait for
confirmation
and booking

details

Log-in or
create
account

Fillin online
booking form

Pay online
using debit or
credit card

FIGURE 3: Service cycle for bulky uplifts provided by Scottish local authorities.
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problematic disposal routes worldwide, (Comerford et al.,
2018; Guérin et al,, 2018; Hodsman and Williams, 2011;
Ito and Colombo, 2019; Song et al., 2023; Vimpolsek et
al., 2022). Our study analysed the resident facing process
for bulky uplifts by examining SLA website disclosures. It
must be acknowledged that the insights generated from
our analysis of the SLA websites were critical assessment
rather than formally derived opinions and perspectives of
residents across Scotland.

3.2 Scottish local authority website navigation

Website navigation is a critical component of service
accessibility. All SLA websites include a ‘bins and recycling’
tab on their homepage, yet locating specific information
on bulky uplifts often requires navigation of multiple other
pages. When considering bulky uplifts, charges, accept-
ed items, and the process for both booking and receiving
the service will be of key interest to residents. The layered
structure of website pages could hinder service uptake,
particularly for residents with limited digital fluency, (Purdy
et al., 2022). Transparent communication is essential to fa-
cilitate informed decision-making around waste disposal,
(Curran et al., 2006). The information provided on SLA web-
sites should be transparent concerning service processes
and provide residents further options for bulky items, such
as reuse organisations and charities, (Curran and Williams,
2010; Cox et al., 2010; Zero Waste Scotland, 2024b). How-
ever, only 44% of SLA provide direct links to reuse organ-
isations or charities, with a further 12% mentioning them
without actionable guidance. This leaves a significant gap
in the promotion of sustainable alternatives to end-of-life
disposal for household bulky items. Given the diversity of
resident preferences, SLA should consider expanding com-
munication channels beyond websites. Options such as
printed leaflets, social media, and smartphone apps could
improve outreach and inclusivity, (Ito and Colombo, 2019).

3.3 Smartphone app availability across Scotland

Smartphone ownership in the UK reached 94% in 2024,
(Statista, 2024b), positioning mobile platforms as a key
channel for communicating public service delivery. Across
Scotland, only 25% of SLA currently offer smartphone apps
for public waste services information. These vary in func-
tionality, with some supporting fly-tipping and other waste
issue reporting, and others providing bins and recycling
information. While no apps currently support bulky uplift
bookings, this reflects the early stage of digital develop-
ment in the sector and presents a timely opportunity for
SLA to commit resources to a collaborative effort to de-
fine future app functionality. Our smartphone app search
revealed that there are three apps which have been de-
veloped in-house by SLA, and one provided by an inde-
pendent specialist company. In-house app development
demonstrates initiative and SLA responsiveness to local
needs. However, without coordination, this could result
in fragmented systems for residents. A unified approach,
led by a dedicated specialist, offers greater potential. Al-
bion Environmental Ltd are a UK leading consultancy who
specialise in waste management, environmental, health
and safety solutions. As leading developers of a bins and

recycling smartphone app, they are uniquely positioned to
advance this effort. They provide a digital solution based
on sector-specific expertise which is a foundation for scal-
able development. A single integrated platform could sup-
port user authentication, provide real-time updates when
residents move between SLA regions, and offer consistent
access to bin schedules, booking processes, and reuse op-
tions. Furthermore, such a system could be co-designed
with SLA and residents to reflect local priorities and ensure
inclusive service delivery nationwide.

Features such as image uploads, Apple/Android Pay
integration, and notification features could enhance reuse
potential while also generating valuable data to inform ser-
vice improvements, (Wang et al., 2020; Salim et al., 2023).
The booking process for bulky uplifts could be enabled
with notifications and reminders of bookings. Features
used in the gig-economy for estimated arrival times could
be used by collection crews to provide further information
to residents with bookings, (Purdy et al., 2022). Pro-active
communications at key seasonal points, like Christmas
and Spring sales, could facilitate reuse options for bulky
items, (Alexander et al., 2009a; Keske et al., 2018), and
notification features of smartphone apps could increase
awareness of reuse opportunities for residents at these
strategic moments. Furthermore, collaboration between
SLA, reuse organisations, and charities could encourage
diversion of reusable bulky items from SLA services simul-
taneously increasing environmental and social benefits,
(Alexander and Smaje, 2008; Cox et al., 2010; Curran and
Williams, 2010; Zero Waste Scotland, 2024b). Investment
in a national digital solution would support Scotland’s cir-
cular economy ambitions by improving accessibility, com-
munication, transparency, and resident engagement. SLA
should consider collaborative development of a smart-
phone app for public services using the sector-specific
expertise available to ensure equitable service provision,
avoid duplication of effort, and to conserve scare financial
resources. However, reliance on digital solutions must also
be balanced with other communication methods such as
regular leaflets to account for the preferences of diverse
populations, (Ito and Colombo, 2019). The key objective
is to facilitate sustainable behaviour through provision of
information using methods of communication that reflect
the diverse needs of residents, designed in collaboration
with experts in the industry and experts in lived experience.

3.4 Booking methods for bulky uplifts

Booking methods for bulky uplift services vary across
SLA, with notable spatial and temporal differences. While
online booking is the most common method, some SLA
also offer phone, email, postal, or in-person options. Over
the two financial periods analysed (2023-24 and 2024-25),
several SLA expanded their booking channels, while oth-
ers reduced them potentially limiting accessibility for res-
idents. Figure 4 illustrates the booking methods available
over the periods assessed.

The figure provides an overview of all SLA booking
methods, however the spatial variations suggest that ur-
ban SLA predominantly rely on online-only booking, where-
as rural, highland, and island regions tend to offer more
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FIGURE 4: Overview of booking methods for bulky uplifts provided by Scottish local authorities over the periods 2023-24 and 2024-25.

varied options. However, one SLA removed in-person book-
ing entirely, and another provided no booking information
during the second period. These inconsistencies may cre-
ate confusion and deter service uptake, particularly among
residents who prefer or require non-digital communication
methods (Ito and Colombo, 2019; Purdy et al., 2022). To im-
prove accessibility and align with circular economy goals,
SLA should offer a variety of booking options that reflect
resident preferences. Integrating booking functionality into
a unified smartphone app which could be co-designed with
SLA and residents, would streamline the process, support
authentication, and enable reuse assessment through im-
age uploads (Wang et al., 2020). This would reduce barriers
to service use and support legitimate disposal routes for
bulky items.

3.5 Charges for bulky uplifts

Charges for bulky uplift services vary significantly
across SLA, with most applying a minimum charge based
on item volume; 75% increasing to 78% over the periods
observed. While one SLA offers the service free of charge
to all residents, the remaining authorities apply a range of
pricing structures, including minimum charges, itemised
lists, time-based charges, and blended models. These dif-
ferences can be confusing for residents, especially when
items like a three-piece suite are counted as multiple
units for collection, (Purdy et al., 2022). Furthermore, res-
idents may be unwilling to pay for services, (Alexander et
al., 2009a). Resident perceptions in similar contexts have
been that charges in addition to existing payments for reg-

ular waste management services are unreasonable, (Cox
et al,, 2010; Curran et al., 2006). The impact of charges is
the decrease of demand for the service, not the decrease in
need for the service, (Curran et al., 2006; Hodsman and Wil-
liams, 2011; Purdy et al., 2022). To enable comparison, a
standardised charge (£/item) was calculated using a ‘max-
imum utility’ assumption, where residents will store items
until the maximum number of items allowed per uplift is
reached, (Curran et al., 2007). Table 1 presents the spatial
and temporal variation in both minimum and standardised
charges across four SLA classifications: urban cities, urban
with significant rural, rural, and highland and island regions.

Table 1 shows that charges increased in most regions
between 2023-24 and 2024-25, with rural and island com-
munities consistently facing higher costs. This ‘rural pre-
mium’ reflects the logistical challenges of servicing large,
sparsely populated areas, (Curran et al., 2006; Oskarsson
et al., 2022). However, rising costs may discourage legal
disposal and increase the risk of fly-tipping, particularly
in areas with high deprivation, (Curran et al., 2006). SLA
should exercise caution when adjusting charges and con-
sider the broader implications for service uptake. Progres-
sive pricing policies, such as free or discounted uplifts
for low-income households, could reduce fly-tipping and
support circular economy goals, (Tilley, 2020). This has
been observed in countries where the fly-tipping of house-
hold waste has never been a major policy issue, (Ichinose,
Yamamoto and Yoshida, 2013). To ensure equitable ac-
cess to bulky uplift services, SLA should consider whether
free bulky uplifts for all residents would mitigate fly-tipping

TABLE 1: Spatial and temporal variation of minimum charge and standardised charges (£/item) for Scottish local authority bulky uplifts

for the periods 2023-24 and 2024-25.

Urban cities Urban with significant rural Rural Highland & island
2023-24 2024-25 2023-24 2024-25 2023-24 2024-25 2023-24 2024-25
Minimum charge £17.25 £20.50 £33.40 £36.75 £30.90 £32.31 £39.50 £42.30
Standard charge £5.58 £6.33 £5.21 £6.12 £7.89 £7.81 £7.57 £8.03
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costs sufficiently to be viable. Even a free seasonal service
can assist with waste reduction strategies and prove pop-
ular with residents, (Brosius et al., 2013; Comerford et al.,
2018; Keske et al., 2018). If a universal free service cannot
be justified, SLA should, at a minimum, ensure that pricing
strategies account for both regional disparities and house-
hold income levels. This includes targeted discounts and
benefits for residents facing financial hardship, particularly
in areas with high deprivation. Such measures would sup-
port legitimate disposal behaviours and reduce the risk of
fly-tipping, while aligning with Scotland’s circular economy
ambitions.

3.6 Discounts and free uplifts provided by Scottish
local authorities

The availability of discounts or free bulky uplift servic-
es varies significantly across SLA, with notable spatial and
temporal differences. Analysis of website disclosures from
2023-24 and 2024-25 revealed that most SLA do not offer
financial support for residents on income-related benefits
or in council housing. This is particularly concerning given
the high levels of deprivation in many regions. According
to the Scottish Index of Multiple Deprivation (SIMD), urban
cities show deprivation levels ranging from 10.2% to 45.4%,
while urban with significant rural areas range from 3.8% to
44.7%. Rural regions range from 2.6% to 31.3%, and high-
land and island communities from 0% to 10.4%, (Scottish
Government, 2020a). These figures highlight the need for
targeted support in areas where residents may face finan-
cial barriers to accessing legitimate disposal routes. Figure
5illustrates the spatial and temporal variation of the availa-
bility of discounts or free bulky uplifts provided by SLA over
the periods analysed.

As shown in Figure 5, urban SLA with higher depriva-
tion levels consistently offered no discounts or free uplifts
across both periods. In urban with significant rural regions,
one SLA introduced a progressive policy offering free bulky
uplifts to all residents, while another revoked a previous-
ly available set number of free uplifts. Rural SLA showed
limited support, with only two offering targeted discounts
or free uplifts. Highland and island SLA were similarly re-

12

10

2024-25

0|||

2023-24

2023-24

2024-25
Urban Cities Urban with Significant Rural
m Unlimited free uplifts: All residents
M Set amount free uplifts: Benefits

® Unlimited free uplifts: Council tenants

W Set amount free uplifts: All residents

W Unlimited free uplifts: Benefits

strictive, with just one providing a discount for benefits re-
cipients. These findings highlight a lack of consistency and
equity in service provision. SLA serving areas with higher
deprivation should prioritise inclusive discount and free
uplift policies to ensure that financial barriers do not pre-
vent residents from accessing legitimate disposal routes.
Free or discounted bulky uplift services for low-income
households could reduce fly-tipping, support circular econ-
omy goals, and promote social equity, (Curran et al., 2006;
Hodsman and Williams, 2011; Purdy et al., 2022). To sup-
port transparency and uptake, SLA should clearly commu-
nicate eligibility criteria and integrate discount options into
booking and payment systems. This offers further support
for use of a smartphone app as a unified digital platform
which could streamline these processes, ensuring that
residents are aware of available support and can access
services without unnecessary complexity.

3.7 Payment methods for bulky uplifts

Payment methods for bulky uplift services are incon-
sistently disclosed across SLA websites. Analysis from
2023-24 and 2024-25 shows that most SLA do not spec-
ify accepted payment options, with 22 out of 32 failing to
provide this information in the latter period. This lack of
transparency may deter residents from using the service,
particularly those who rely on cash or alternative payment
methods. In Scotland, cash remains more commonly used
than in other parts of the UK, (UK Parliament, 2022), and
digital exclusion continues to affect vulnerable groups. Re-
stricting payment to debit or credit card alone may uninten-
tionally exclude residents who do not have access to online
banking or who prefer in-person transactions. This is es-
pecially concerning in the context of a cost-of-living crisis,
where financial flexibility is crucial, (Scottish Affairs Com-
mittee, 2024). To improve accessibility and uptake, SLA
should clearly communicate available payment options
and consider offering a range of methods, including cash,
PayPal, and mobile payment systems such as Android/Ap-
ple Pay and Google Pay. Integration of payment functional-
ity into a unified smartphone app could further streamline
the process, allowing residents to complete bookings and

2023-24 2024-25

I

2023-24

2024-25
Rural Highland and Island
m Discounts: Benefits

W Set amount free uplifts: Council tenants

m Discounts, benefits and set amount free: Council tenants ® None

FIGURE 5: Spatial and temporal variation of the availability of discounts or free bulky uplifts provided by Scottish local authorities over the

periods 2023-24 and 2024-25.
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payments in one place. Inclusive payment design is essen-
tial to ensure that all residents can engage with bulky uplift
services regardless of digital access or financial circum-
stances. Transparent and flexible payment systems would
support equitable service provision and reduce barriers to
legitimate disposal routes.

3.8 Waiting times for bulky uplifts

Waiting times for bulky uplift services are inconsist-
ently disclosed across SLA websites. Analysis from 2023-
24 and 2024-25 shows that 75% of SLA did not provide a
clear timeframe for service delivery. Where timeframes
were specified, they ranged from within 7 days to up to 28
days, with longer durations more common in highland and
island regions as illustrated in Figure 6.

Waiting times can be a source of dissatisfaction for
residents, (Curran et al, 2007; Hodsman and Williams,
2011). Uncertainty around waiting times may discourage
residents from using legitimate disposal routes, particu-
larly when alternative, informal options legitimate or oth-
erwise offer faster collection, (Purdy et al., 2022). This is
especially problematic for residents with limited storage
space, such as those in flats or temporary accommoda-
tion, who may struggle to retain bulky items for extended
periods (Alexander et al., 2009b). Clear communication of
expected waiting times is essential to support service up-
take and reduce the risk of fly-tipping. SLA should consider
publishing standardised timeframes and offering real-time
updates through digital platforms. Integration of booking
and scheduling into a unified smartphone app could allow
residents to receive notifications, estimated arrival times,
and reminders which would mirror similar features used in
the gig economy, (Purdy et al., 2022). Improved transparen-
cy around waiting times would enhance resident certainty,
support planning, and contribute to more efficient service
delivery. It would also help preserve the reuse potential
of items by reducing the likelihood of damage during pro-
longed outdoor storage.

o

Urban Cities 2023-24
Urban with Significant Rural 2023-24
Rural 2023-24

Highland and Island 2023-24

Urban Cities 2024-25
Urban with Significant Rural 2024-25
Rural 2024-25

Highland and Island 2024-25

N
o

3.9 Collection point for bulky uplifts

All SLA require residents to place bulky items outside
at their usual kerbside collection point. While this standard-
ised approach simplifies logistics, it presents challenges
for residents who may struggle to move large items safely,
particularly older residents or those with mobility issues,
(Curran et al., 2006; Hodsman and Williams, 2011; Purdy et
al., 2022). Outdoor placement also risks damage to items
from weather exposure or vandalism, which can com-
promise their reuse potential. Once damaged, items are
typically diverted to landfill or recovery, even if they were
originally suitable for reuse, (Alexander et al., 2009a; Cur-
ran et al., 2007). This undermines circular economy goals
and increases the environmental impact. Charities and re-
use organisations often collect items from inside homes,
preserving their condition and extending their life cycle,
(Hodsman and Williams, 2011; Wilkinson and Williams,
2020). SLA could adopt similar practises by training collec-
tion crews to safely retrieve items from within properties,
particularly for vulnerable residents. This would improve
accessibility, reduce health and safety risks, and support
reuse outcomes.

In multiple household buildings, shared waste areas
and limited storage space within individual properties fur-
ther complicates bulky item disposal. Collaboration be-
tween SLA, housing associations, and landlords could help
establish appropriate collection points and bespoke proce-
dures for property types and resident needs, (Bernstad et
al.,, 2012; Larsen et al., 2012; Ordofiez et al., 2015). Revisit-
ing collection point policies with a focus on inclusivity and
reuse potential could enhance service uptake and reduce
fly-tipping. A flexible, resident-centred approach would bet-
ter align with Scotland’s circular economy ambitions and
support equitable bulky waste management.

3.10 Spatial variation of property types across Scot-
land

Property type plays a significant role in shaping bulky
waste disposal behaviours and service accessibility. Data
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!
=
o
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120

W Not Specified  mWithin 7 days Within 14 days Within 28 days
FIGURE 6: Spatial and temporal variation of waiting time disclosed for bulky uplifts by Scottish local authorities over the periods 2023-24
and 2024-25.
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from Scotland’s Census (2022) reveals distinct spatial pat-
terns across SLA classifications. Urban cities and urban
with significant rural regions have high population density
and the greatest proportion of multiple household build-
ings, with deprivation levels ranging from 3.8% to 45.4%.
In contrast, rural, highland and island regions are charac-
terised by lower population densities, higher proportions
of detached homes, and lower deprivation levels ranging
from 0% to 31.3% (Scottish Government, 2020a). Our find-
ings concerning area size, population density, and property
type distribution are illustrated in Table 2.

Residents in multiple household properties, more com-
monly known as flats, often face constraints in storing
bulky items, particularly when waiting for uplift services.
Shared waste areas and limited indoor space can increase
the likelihood of informal disposal, especially when waiting
times are long or collection points are impractical, (Alexan-
der et al., 2009b; Purdy et al., 2022). However, in high-den-
sity urban areas, placing bulky items on pavements poses
a significant risk to public health and safety, (Alexander et
al., 2009a). Residents in detached homes may have greater
storage capacity, allowing them to use a ‘maximum utility’
approach however, outdoor storage can compromise reuse
potential, (Curran et al., 2006). These spatial differences un-
derscore the need for tailored service design. SLA should
consider property type when developing collection policies,
booking systems, and communication strategies. Collabo-
ration with residents, housing associations and landlords
could help establish appropriate collection points and sup-
port residents in multiple household buildings, (Bernstad
et al,, 2012; Larsen et al., 2012; Ordofiez et al.,, 2015). A
resident-centred approach that accounts for property type
and spatial context would improve service accessibility, re-
duce fly-tipping, and support Scotland’s circular economy
ambitions.

4. CONCLUSIONS

Our study on SLA website disclosures for bulky uplifts
revealed critical gaps in accessibility, communication, and
transparency that are presented for consideration of policy
makers and waste managers. As these websites are the
primary source of information for residents, it is crucial that
they are easy to navigate and provide enough knowledge
to assist in decision making, (Alexander et al., 2009a; Cur-
ran et al., 2006; Purdy et al., 2022). Smartphone apps offer
promising opportunities to streamline booking, payment,
and item classification, potentially enhancing reuse and re-
ducing waste, (Purdy et al., 2022; Salim et al., 2023; Wang
et al., 2020). Moreover, a national digital solution provides
a unique opportunity for SLA to use sector-specific exper-

tise and collaboration to ensure effective communication
of public services. However, reliance on digital methods
must be balanced with inclusive access for all residents.
Offering a variety of communication, booking, and payment
methods could facilitate uptake of bulky items kerbside
collection services.

Charging structures vary across SLA, with most apply-
ing a minimum charge based on item volume. Rural, high-
land, and island communities often facing a rural premium
with higher charges, (Curran et al., 2006; Oskarsson et al.,
2022). These disparities may discourage legal disposal
and increase the risk of fly-tipping, ultimately raising public
clean-up costs. While some progressive policies do exist,
with one region providing the bulky uplift service free of
charge to all residents, these remain limited. Over the pe-
riods observed, nominal increases to charges were made
that were reflected in the increases in standardised charg-
es (£/item) over most regions. Charge increases should be
exercised with caution as increasing costs for residents
could negatively influence the demand for bulky uplifts,
though not necessarily the need for them, (Curran et al.,
2006; Hodsman and Williams, 2011; Purdy et al., 2022).
Our findings suggest that free bulky uplift services should
be considered by SLA, especially given the considerable
clearance costs for fly-tipping. Furthermore, discounted
bulky uplift services for low-income households should be
a minimum standard, especially in regions with high levels
of deprivation, (Curran et al., 2006; Hodsman and Williams,
2011; Purdy et al., 2022). Other opportunities for SLA are
seasonal free uplift schemes for all residents which could
prove popular mirroring successful models used else-
where, (Brosius et al., 2013; Comerford et al., 2018; Keske
etal., 2018).

Operational factors also influence service uptake. Un-
certainty around waiting times, kerbside collection point re-
quirements, and limited collection support from collection
crews may deter residents, (Curran et al., 2007; Hodsman
and Williams, 2011). Providing clear timeframes and allow-
ing trained crews to collect items from within homes could
improve accessibility, reduce health and safety risks, and
preserve the reuse value of items. Additionally, property
type affects storage and disposal options with residents
in multiple household properties facing greater constraints
than those in detached homes, (Alexander et al., 2009b;
Purdy et al., 2022). Collaborative approaches between SLA,
communities, housing associations and landlords could
help develop inclusive policies for bulky uplift services
which match local needs and priorities, (Bernstad et al.,
2012; Larsen et al., 2012; Ordofiez et al., 2015). Further re-
search is required to assess public willingness to engage in
such efforts as this remains uncertain.

TABLE 2: Spatial variation of area size, population density, and property types, modified from (Scotland Census, 2022).

SLA region classification Area m? Population density m? Whole houses % Flats % Mobile structures %
Urban cities 65 6,183 42.65 57.27 0.08
Urban with significant rural 260 1,082 71.74 28.12 0.14
Rural 1,992 210 80.22 19.53 0.25
Highland & island 1,215 38 87.27 12.44 0.29
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This is the first study to consider analysis of local au-
thority bulky uplift services from publicly available infor-
mation across Scotland. Our future research will focus on
exploring resident perspectives concerning fly-tipping and
bulky item disposal practices to validate these findings and
develop inclusive local policies to inform service provision.
Mitigating fly-tipping as a leak from the circular economy
model can contribute to waste reduction and climate tar-
gets providing safer, cleaner communities and ensuring
a safer end of engineered life for household bulky items.
A limitation to our approach is reliance on website disclo-
sures, which may not fully capture operational nuances
such as informal practises, seasonal variations, or resident
experiences. While the analysis provides valuable insights
into service design and accessibility that could facilitate
understanding of service design in other regions, future
research incorporating direct stakeholder perspectives
would strengthen understanding of service barriers and
opportunities for improvement. Our insights offer a foun-
dation for evidence-based policy development, supporting
more inclusive, efficient, and sustainable household bulky
waste services across Scotland. By reducing uncontrolled
disposal and promoting reuse and recycling, local authori-
ties can contribute directly to Scotland’s net-zero ambitions
and global climate commitments, (Scottish Government,
2024; UNEP, 2024). Insights from international studies con-
firm that the systemic barriers observed in Scotland mir-
ror those found globally, underscoring the need for locally
tailored yet globally informed solutions to advance circu-
lar economy objectives, (Comerford et al., 2018; Curran et
al., 2006; Hodsman & Williams, 2011; Keske et al., 2018;
Larsen et al.,, 2012). Mitigating the leak of household bulky
items from the circular economy model by improving ser-
vice accessibility and promoting reuse pathways is essen-
tial to preserve product and material value, reduce landfill
dependency, and strengthen circular economy outcomes.
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ABSTRACT

This paper presents the development and comprehensive characterization of recy-
cled polypropylene (rPP) composites reinforced with recovered sisal fibers sourced
from secondary agricultural waste streams. The rPP matrix was obtained from
post-industrial waste generated during the manufacturing of household appliances at
Hisense GORENJE company (Slovenia). To enhance the interfacial compatibility be-
tween the hydrophobic polymer matrix and the lignocellulosic reinforcement, maleic
anhydride-grafted polypropylene (MAPP) was incorporated at a constant concentra-
tion of 3 wt.% as a compatibilizing agent. Composite formulations containing 10, 20,
and 30 wt.% of sisal fibers were systematically investigated through mechanical test-
ing (tensile strength, tensile modulus, and impact resistance), morphological analy-
sis (SEM), spectroscopic characterization (FTIR), and thermal analyses (TGA-DTA
and DSC). FTIR analysis suggested the interactions between the functional groups
of MAPP and the lignocellulosic fibers; however, no distinct absorption band attribut-
able to ester carbonyl formation was detected. SEM observations revealed improved
fiber—matrix adhesion in the compatibilized systems, supporting the effectiveness
of MAPP in promoting the interfacial bonding. The addition of sisal fibers significant-
ly enhanced the mechanical performance of the rPP, with increases of up to 45% in
tensile modulus and 92% in tensile strength at 30 wt.% fiber loading. Nevertheless,
the composite containing 20 wt.% sisal fibers exhibited the most favorable balance
between stiffness, strength and impact resistance. Overall, the results demonstrate
the strong potential of rPP/sisal composites as lightweight, sustainable materials,
enabling the dual valorization of industrial and agricultural waste streams and sup-

1. INTRODUCTION

The steady increase in global plastic production and
consumption has resulted in a waste crisis of considera-
ble magnitude, with annual volumes exceeding 400 million
tons. Polyolefins, particularly polypropylene (PP), consti-
tute approximately half of this waste stream. Due to their
chemical inertness and extremely slow degradation, the
management of post-consumer and post-industrial poly-
olefin waste presents a major environmental challenge,
thereby underscoring the need for advanced valorization
strategies and circular economy models (Singh et al, 2023).

The household appliance industry, characterized by
high production volumes and a reliance on durable plas-
tic components, is a significant contributor to this stream.
At GORENUJE, a leading European manufacturer, substan-

porting circular-economy-oriented applications in the white-goods sector.

tial quantities of post-industrial PP waste, primarily in the
form of purges and production lumps, are generated. The
INCIRCULAR project, co-funded by the European Union’s I3
Programme, was initiated to transform this internally gen-
erated waste into high-performance composite materials,
with the overarching objective of closing the material loop
within the industrial supply chain. In contrast to many previ-
ous studies employing model-grade recycled polymers, the
rPP used in this work originates from a controlled post-in-
dustrial waste stream with documented thermo-mechan-
ical degradation, making the results directly transferable
to industrial manufacturing conditions in the white-goods
sector. In the pursuit of sustainable material solutions, nat-
ural fibers such as flax, hemp, jute, and sisal have emerged
as promising alternatives for synthetic reinforcements, in-
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cluding glass fibers. These lignocellulosic reinforcements
offer several environmental and functional advantages,
including renewability, biodegradability, low density, and
the ability to enhance the mechanical performance of pol-
ymer matrices (Ajayi et al., 2025). In this study, the sisal
fibers (SIS250) were sourced from secondary agricultur-
al waste streams, specifically disused coffee bean bags.
This approach provides a dual environmental benefit: the
revalorization of industrial waste (rPP) and the upcycling
of agricultural waste (sisal fibers). Consequently, the re-
sulting composites represent a high-value, circular-econo-
my material solution (Mahmud et al., 2021). Although nu-
merous studies have investigated natural fiber-reinforced
polypropylene composites, the majority focus on virgin PP
matrices or prioritize stiffness enhancement at high fiber
loadings, often at the expense of impact resistance and
processability. Studies specifically addressing recycled
polypropylene reinforced with natural fibers frequently re-
main limited to laboratory-scale formulations or lack direct
relevance to industrial waste streams with known process-
ing histories. In this context, the present work advances
the state of the art by moving beyond material substitution
and focusing on formulation-driven performance optimiza-
tion. Rather than maximizing fiber content alone, this study
identifies an optimal reinforcement window that balances
stiffness, strength, and impact resistance in a fully recycled
composite system derived from real industrial and agricul-
tural waste streams.

Polypropylene, although recyclable, undergoes con-
siderable thermo-mechanical degradation during repeat-
ed reprocessing (Caicedo et. al,, 2017). This degradation
reduces its molecular weight and negatively affects its
mechanical properties, including tensile strength and mod-
ulus. The accompanying decline in toughness, typically
manifested as a reduction in impact strength of approxi-
mately 20%, renders pure recycled polypropylene (rPP) un-
suitable for applications that require reliable resistance to
dynamic or impact loading. To address this inherent brittle-
ness, reinforcement with high-performance materials is es-
sential (Sanadi et al., 2023; Zhao et al., 2022; Ai-Huei Chiou
& Chia-Hua Lin, 2023). The incorporation of natural fibers
into polyolefin matrices such as PP presents a fundamen-
tal materials challenge arising from the polarity incompati-
bility. Whereas PP is hydrophobic, sisal cellulose fibers are
inherently hydrophilic, resulting in weak interfacial bonding
and inefficient stress transfer across the fiber—-matrix inter-
face (Ajayi et al., 2025). To address this limitation, polypro-
pylene grafted with maleic anhydride (MAPP) is commonly
employed as an effective coupling agent. MAPP acts as a
molecular bridge: the PP backbone ensures compatibility
with the rPP matrix, while the maleic anhydride moieties
chemically react with the hydroxyl (-OH) groups of the si-
sal fibers. This reaction forms covalent ester linkages that
enhance interfacial adhesion and facilitate efficient load
transfer within the composite (Ibrahim et al., 2017).

The main objective of this work is to rigorously evaluate
and characterize rPP composites reinforced with recycled
SIS250 sisal fiber. The effects of three fiber loadings (10,
20, and 30 wt.%) on the mechanical, thermal, and morpho-
logical properties of the material are investigated. The anal-

ysis aims to identify the optimal formulation that offers the
best balance of strength, toughness, and processability,
ensuring its suitability as a lightweight structural material
for demanding applications in the white goods sector while
supporting the waste-recovery model proposed under the
INCIRCULAR project. The goal of this study is therefore not
only to characterize the composites, but to identify a for-
mulation window that reconciles mechanical performance,
toughness, and processability, thereby enabling the practi-
cal substitution of virgin, glass-fiber-reinforced plastics in
selected white-goods components.

2. MATERIALS AND METHODS
2.1 Matrix and Reinforcement Materials
2.1.1 Recycled Polymer Matrix (rPP)

The polymer matrix consisted of ground recycled
polypropylene (rPP) obtained from a single post-indus-
trial waste stream generated by GORENJE IPC Company
during the manufacture of household appliances. The
material originated from a controlled and homogeneous
production process, and all experiments were conducted
using material from the same production batch in order
to eliminate batch-to-batch variability. It should be noted
that the recycled polypropylene was not a neat polymer
but contained approximately 30 wt.% of mineral fillers,
primarily talc and calcium carbonate, as confirmed by
compositional analysis. Thermal characterization by TGA
under air further confirmed this filler content, showing a
final residual mass of 21.46% at 800°C, corresponding to
the thermally stable fraction of the mineral phase remain-
ing after polymer decomposition and carbonate calcina-
tion. This inherent filler content contributes to the baseline
stiffness and dimensional stability of the rPP, while also
affecting its density and thermal behaviour. The presence
of mineral fillers was taken into account when interpret-
ing the mechanical and thermal performance of the devel-
oped composites.

2.1.2 Recycled Sisal Fiber Reinforcement

The reinforcement component selected were the re-
cycled sisal fibers (SIS250), supplied by J. Rettenmaier &
So6hne GmbH. Originating as secondary waste from coffee
bean bags, these fibers highlight the circular nature of the
material. Fiber loadings of 10, 20, and 30 wt.% were select-
ed to establish a comprehensive performance profile and
identify the most effective reinforcement concentration.
The fibers were characterized to define their physicochem-
ical properties. Particle size analysis indicated a median
fiber length of approximately 300 pm, with the main frac-
tion ranging between 100 and 300 pm. Elemental analysis
revealed a carbon content of 38-45%, typical of lignocellu-
losic biomass. The moisture conFtent, determined accord-
ing to ISO 18134-2, ranged between 5-8%, requiring drying
at 70°C for 8h prior to compounding to prevent hydrolytic
degradation during processing. Fiber purity was assessed
by loss on ignition (LOI) at 950°C, yielding an ash content
of 1.07% + 0.19, confirming the effective removal of major
inorganic impurities during the recycling process.
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TABLE 1: Composition of rPP/Sisal (SIS250) Composite Formulations.

Formulation Fiber load (wt.%) rPP (wt.%) SIS250 (wt.%) MAPP (wt.%)
rPP 0 100 0 0
SIS250 10% 10 87 10 3
SIS250 20% 20 77 20 3
SIS250 30% 30 67 30 3

2.1.3 Coupling Agent (MAPP)

The commercial product Licocene® PP MA 7452
GR (Clariant), a maleic anhydride-grafted polypropylene
(MAPP), was used as a compatibilizing agent. Its concen-
tration was fixed at 3 wt.% in all formulations to improve
the interfacial adhesion between the polar cellulosic fibers
and the non-polar polymer matrix. This loading was select-
ed based on our previous systematic study (Zepi¢ Bogataj
et al., 2019), in which 3 wt. % MAPP was identified as opti-
mal for enhancing interfacial morphology and tensile per-
formance in recycled polypropylene composites reinforced
with cellulosic fibers, without compromising processability.

2.2 Formulation Design and Composite Preparation

Batches of composite materials were formulated and
prepared with the rPP matrix and SIS250 sisal fibers in in-
creasing concentrations as shown in Table 1.

2.3 Processing: Twin-Screw Extrusion Compounding
and Injection Moulding

The preparation of the composite formulations in-
volved a carefully controlled pre-mixing and compounding
process, given the delicate nature of sisal fibers and the
challenges associated with processing of rPP at high fiber
loadings.

2.3.1 Pre-mixing and Matrix Preparation

The rPP matrix was first subjected to a classification
process to ensure a uniform particle-size fraction, remov-

Commorasns (. ogremansl

Cooling

Homogenizing
& Discharge

Pelletization

ing both coarse and excessively fine powder material—an
essential step for maintaining a consistency during extru-
sion. The classified rPP, along with the SIS250 sisal fibers
and MAPP pellets was then manually mixed to achieve ini-
tial homogenization prior to feeding.

2.3.2 Extrusion Compounding and Injection Moulding

Extrusion compounding process (Figure 1) was carried
out using a USEON LAB-30 co-rotating twin-screw extruder
with a length-to-diameter (L/D) ratio of 44. Processing pa-
rameters were carefully optimized to ensure uniform fiber
dispersion and promote the MAPP reaction while avoiding
thermal degradation of the sisal fibers. The barrel temper-
ature was maintained between 30 and 60 °C in the Feed
Zone and gradually increased to 190-195 °C at the Dis-
charge Zone. Screw rotation speed was adjusted inversely
with fiber content to minimize fiber damage, with 150 rpm
employed for the 10 wt.% fiber formulation and 100 rpm for
the 20 wt.% and 30 wt.% sisal composites.

After compounding, all composite formulations, includ-
ing the reference rPP sample, were subjected to a drying
process at 70 °C for 8 h before the injection moulding.
Testing specimens were produced using a Fanuc Roboshot
ALPHA S501A/330/IT injection molding machine under
controlled processing conditions. The melt temperature
was set to 180°C and the mould temperature to 22°C. The
injection pressure was 800 bar, with a holding pressure of
500 bar and a back pressure of 20 bar. The injection speed
was maintained at 80 mm s, and the screw rotation speed

Feeding

Weighing

Mixing

FIGURE 1: Twin extrusion compounding diagram.
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was 50 rpm. The total injection cycle time was 40 s, includ-
ing a cooling time of 20 s. A clamping force of 500 kN was
applied during processing. All processing parameters were
kept constant for all formulations to ensure comparability
of the specimens.

2.4 Characterization Analyses
2.4.1 Mechanical Properties

Tensile strength, tensile modulus, and impact strength
were determined in accordance with ISO 527-1/-2 and DIN
EN I1SO 179 standards. Uniaxial tensile tests were per-
formed to evaluate tensile strength and modulus, provid-
ing insight into the load-bearing capacity and stiffness of
the materials. Impact resistance was assessed using the
unnotched Charpy method to quantify the energy absorp-
tion under dynamic loading conditions. For each material
formulation, tensile parameters are reported as average
values with standard deviation, calculated from measure-
ments on ten specimens (n = 10). Impact strength results
are presented as average values with the corresponding
standard deviation, based on six specimens per formula-
tion (n = 6). All specimens were conditioned and tested in
accordance with the relevant standards to ensure repro-
ducibility and comparability of the results. To evaluate the
statistical significance of differences in tensile properties
among the rPP and rPP/sisal formulations, one-way anal-
ysis of variance (ANOVA, single-factor analysis) was per-
formed. The F-statistic and associated p-value were calcu-
lated using a significance level of 0.05.

2.4.2 Thermal Properties

Thermogravimetric analysis (TGA) was performed to
assess the thermal stability and degradation behavior of
the composites, while differential scanning calorimetry
(DSC) was employed to investigate thermal transitions, in-
cluding melting points and crystallinity, providing insights
into the materials’ structural characteristics and process-
ability. Simultaneous TGA-DSC measurements were con-
ducted using a TA Instruments SDT Q600 system, which
records both heat flow and weight changes as a function
of temperature under controlled atmospheres. The system
operates from room temperature to 1450°C in either an ox-
idizing (air) or inert (N,) atmosphere. Weight loss profiles
were monitored as a function of temperature to character-
ize the thermal stability and decomposition behavior of the
materials.

The relative change in onset degradation temperature

(T__) was calculated with respect to neat rPP according

onset

to:

T, =T
ATonset(%) — onset,ref onset,sample % 100 (_I)
Tonset,ref

where:

Tonsetrer 1S the onset degradation temperature of the refer-
ence material (e.g., neat rPP),

T, cetsamoie 1S the onset degradation temperature of the com-

: ple
posite.

2.4.3 Chemical and Morphological Analysis

Fourier Transform Infrared Spectroscopy (FT-IR) was
performed to identify the functional groups and molecular
structure of the composite samples and the reference rPP.
Spectra were recorded using a Spectrum 100 FT-IR spec-
trometer (PerkinElmer) equipped with a universal attenu-
ated total reflectance (ATR) accessory. The fractured sur-
faces of mechanically tested specimens were examined
using Scanning Electron Microscopy (SEM) to assess fiber
dispersion and interfacial bonding. SEM observations were
conducted on a Quanta 250 instrument (FEI Company,
USA) under high vacuum at an acceleration voltage of 5 kV,
a spot size of 2.0, and a working distance of approximately
9-10 mm.

3. RESULTS AND DISCUSSION
3.1 Mechanical Properties
3.1.1 Tensile strength and Tensile Modulus

Tensile testing confirmed the pronounced reinforcing
effect of sisal fibers on recycled polypropylene matrix,
demonstrating a progressive increase in both stiffness and
strength with increasing fiber content (Table 2). The tensile
modulus increased from 2414 MPa for neat rPP to 3492
MPa for the composite containing 30 wt.% SIS250 fibres,
corresponding to an enhancement of approximately 45%.
Similarly, the tensile strength increased from 21.8 MPa
to 41.8 MPa, representing an improvement of about 92%.
These results indicate highly efficient stress transfer from
the polymer matrix to the fibrous reinforcement phase.

To statistically validate the observed trends, one-way
ANOVA was performed on the tensile data. The statisti-
cal results are summarized in Table 2. The extremely low
p-values (p < 0.05) confirm that the differences among
formulations are statistically significant. Moreover, the
high F-values indicate that the between-group variability
(effect of fiber content) greatly exceeds the within-group
experimental variability, confirming excellent reproduc-
ibility of the measurements. The magnitude of the me-
chanical improvements—particularly the 92% increase in
tensile strength—further demonstrates that the observed
enhancements are not only statistically significant but also

TABLE 2: Comparison of tensile parameters — tensile modulus (E,), tensile strength (g,,), and elongation at break (g,) (mean + SD) — with
corresponding one-way ANOVA statistical results (F-statistic and p—value).

Formulation E, [MPa] a,, [MPa] €, [%] F - value p - value
rPP 2414 + 58 21.8+0.8 3.7+1.0 11759.6 6.9 x 10
SIS250 10% 2691+ 34 30.8+0.6 29+04 36623.7 9.2x10¢
SIS250 20% 3140 + 42 38.2+0.6 3.1+0.1 37290.6 6.7 x 1063
SIS250 30% 3492 + 58 41.8+0.8 27+0.3 25351.8 6.9 x 10°°
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physically meaningful, clearly exceeding typical experimen-
tal scatter associated with injection-molded composites.

These findings are consistent with literature reports.
Joseph et al. (2003) observed comparable improvements
in polypropylene-sisal composites, primarily attributed to
the high intrinsic stiffness of fibers and improved inter-
facial adhesion when compatibilizers such as MAPP are
employed. Similarly, Garkhail et al. 2000 reported simulta-
neous increases in modulus and strength with increasing
sisal content, explaining this behavior by the fibers’ ability
to restrict matrix deformation and carry a signifciant por-
tion of the applied load.

As commonly observed in natural fiber-reinforced com-
posites, the increase in stiffness and strength was accom-
panied by a reduction in ductility (Table 2). The elongation
at break decreased from 3.7% for neat rPP to 2.7% for the
SIS250 30 wt.% composite, reflecting reduced polymer
chain mobility and the more brittle mechanical response in-
troduced by the fibrous phase. Overall, the results confirm
that the incorporation of sisal fiber significantly enhances
the stiffness and strength of recycled polypropylene com-
posite, in agreement with well-established trends for ligno-
cellulosic fiber-reinforced PP systems.

3.1.2 Impact strength

Charpy impact resistance (unnotched) indicates that
the addition of sisal fiber enhances the toughness of rPP,
but only up to an optimum reinforcement level. All fiber-re-
inforced formulations exhibit higher impact energy than
neat rPP (10.6 kJ/m?), as shown in Figure 2. The SIS250
10% composite reaches 11.3 kJ/m? (approximately 7% in-
crease), while SIS250 20% exhibits the highest value, 14.1
kJ/m2-animprovement of about 33% relative to the matrix.
In contrast, the impact resistance of SIS250 30% decreas-
es slightly to 12.9 kJ/m?, although it remains above that
of rPP. This trend indicates that, although tensile strength
and modulus increase nearly monotonically up to 30 wt.
% fiber loading, impact toughness exhibits an intermediate
maximum at 20 wt.%, evidencing a stiffness-toughness
trade-off typical of short-fiber composites. This behavior
is consistent with the well-established inverse relationship
between excessive stiffness and the ability of a composite
to absorb impact energy.

At moderate fiber loadings, mechanisms such as fib-
er pull-out and crack deflection contribute to energy dis-
sipation. However, at higher fiber contents, the formation
of agglomerates and microstructural defects — also ob-
served in the SEM analysis — becomes more pronounced.
These defects act as stress concentration sites, limiting
effective stress transfer across the interface and reducing
the composite’s ability to absorb dynamic energy. Similar
trends have been reported for sisal-reinforced polypropyl-
ene composites, where impact resistance increases with
fiber content only up to an optimal level and subsequent-
ly declines when the reinforcement becomes excessive,
primarily due to a reduced effective matrix fraction and
heightened stress concentration (Ferede & Atalie, 2022;
Muralidhar, 2020). Overall, these findings are consistent
with the tensile results: although maximum stiffness and
strength are achieved at 30 wt.% of sisal fibres, the most
favorable balance between toughness and rigidity occurs
at 20 wt.%. This makes the SIS250 20% formulation the
most suitable option for applications requiring enhanced
impact absorption without compromising structural perfor-
mance (Zepi¢ Bogataj et al., 2019). In contrast, higher fiber
loading (30 wt.%) may limit applicability in impact-sensitive
components due to reduced energy dissipation despite in-
creased stiffness.

3.2 Thermal properties
3.2.1 Thermogravimetric analysis (TGA)

TGA analysis performed up to 1000°C confirms the
dual effect of sisal fibers on the thermal stability of the
composite. All samples remain thermally stable up to
approximately 280-300°C (Figure 3), however, the SIS250
formulations exhibit a slightly earlier onset of degradation
compared with neat rPP. This behaviour is attributed to the
lower intrinsic thermostability of the lignocellulosic con-
stituents of sisal fibres - hemicellulose, cellulose, and lignin
- which serve as activation sites for thermal degradation.
These findings are consistent with previous studies, re-
porting that the incorporation of natural fibers decreases
the onset temperature of polypropylene due to their higher
reactivity and the presence of oxygen-containing function-
al groups (Patel et al., 2023; Arrakhiz et al., 2013). At high

DIN EN I1SO 179 IMPACT STRENGTH [KJ / M2]

T

PP g

SIS250 10%

SIS250 20%

SIS250 30%

FIGURE 2: Impact Strength kJ/m?.
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FIGURE 3: TGA of samples: rPP and SIS250 10, 20 and 30 wt.%.

temperatures (700-900°C), the composites show a greater
carbonaceous residue than rPP, particularly at 30 wt.% fiber
content, indicating enhanced char formation resulting from
cellulose carbonization. This carbonaceous residue acts
as a physical barrier that restricts heat and mass transfer
between the flame and the polymer matrix, a mechanism
well-documented to potentially delay flame spread in nat-
ural fiber composites (Fan & Naughton, 2016; Tajvidi et al.,
2009). While this charring behavior is beneficial for fire-per-
formance scenarios in white-goods components, the as-
sociated reduction in the degradation onset temperature
(T, imposes a limitation on the processing window.
Consequently, strict temperature control (below 200°C)
is required during extrusion and moulding to prevent the
thermal deterioration while leveraging the flame-retardant
potential of the high fiber loading. Overall, this thermal
behaviour aligns with the morphological observations dis-
cussed below and the mechanical results presented ear-
lier. Increasing the fiber content improves stiffness and
load transfer but simultaneously introduces microstructur-
al heterogeneities — evident in SEM images — that reduce
toughness and increase the material susceptibility to early
thermal degradation (Ordofiez Benavides, 2016).

Thus, the observed thermal behavior reinforces the
overall interpretation of the materials performance: mod-
erate fiber contents (20 wt.%) provide the best balance
among mechanical properties, thermal stability, and mi-
crostructural homogeneity. In contrast, higher loadings (30
wt.%) promote increased formation of carbonaceous resi-
due but at the cost of reduced initial thermal stability and
diminished impact resistance. From the thermogravimetric

TABLE 3: Relevant temperatures vs. sisal fiber percentage.

analysis, the characteristic degradation temperatures and
the final residual mass attributable to sisal can be deter-
mined. The corresponding values for each composite fam-
ily are summarized in Table 3.

Where, T (°C) is the initial degradation temperature,
T,y (°C) is the temperature at which 50% mass loss is
reached, T__ (°C) indicates the temperature at which the
maximum degradation rate occurs, and FR (%wt) means
the final residue remaining ager degradation. The percent-
age decrease in onset degradation temperature (T__ ) was
calculated relative to neat rPP using Equation 1. A reduc-
tion of 3.8%, 3.4% and 3.1% was observed for the compos-
ite containing 10, 20, and 30 wt. % of sisal fibers, respec-
tively.

The results show that the fiber-reinforced samples ex-
hibit a slightly lower degradation onset temperature (T___ )
than neat rPP indicating that the incorporation of sisal fib-
ers reduces the initial thermal stability of the material. This
decrease is attributed to the lower intrinsic thermostability
of the lignocellulosic constituents — primarily hemicellu-
lose and cellulose — which degrade earlier than polypropyl-
ene and act as activation sites for thermal decomposition,
particularly at higher fiber loadings. Consequently, the fib-
ers do not inhibit degradation but rather promote its earlier
initiation, a behavior widely reported for natural fiber-rein-
forced biocomposites (Krishnasamy et al. 2019; Munde et
al. 2019; Joseph et al. 2003). Although the addition of sisal
fibers reduced T__, to approximately 263°C, this reduction
does not compromise the manufacturing feasibility. The
extrusion and injection moulding processes were opti-

mized with a maximum temperature profile of 190-195°C

Tonse& T 50% Tmax FR% ATonsel
Formulation

[°cl [°cl [°cl [%] [%]
rPP 274.31 377.55 722.72 21.46
SIS250 10% 263.90 350.00 730.46 19.96 -3.79
SIS250 20% 265.03 343.14 729.50 17.22 -3.38
SIS250 30% 265.83 327.15 717.07 15.24 -3.09
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for extrusion and 180°C for injection, respectively, ensuring
a thermal safety margin greater than 60°C relative to the
degradation onset. Under these conditions, the residence
time in the processing equipment does not induce signifi-
cant thermal deterioration of the fibers, thereby preserving
their reinforcing efficiency. From a service-life perspective,
natural fibers may act as thermal catalysts by locally weak-
ening the crystalline structure of polypropylene and pro-
moting earlier degradation. However, for the intended ap-
plication in white-goods components (e.g., interior parts),
where operating temperatures typically remain below
100°C, the composite functions well within its thermal sta-
bility range. Therefore, while the reduction in T___ limits its
potential use in high-temperature environments (>200°C),
it does not adversely affect the durability under standard
household appliance operating conditions. This behavior is
consistent with the overall thermal and mechanical trends
observed: increasing fiber content enhances composite
stiffness but simultaneously introduces microstructural
heterogeneities that facilitate earlier thermal activation.

3.3 Chemical and Morphological Characterization
3.3.1 Interfacial Interaction using FTIR Spectroscopy

The FTIR spectra of the composites (Figure 4) show
that the characteristic absorption bands of polypropylene
remain essentially unchanged after the incorporation of
sisal fibers, indicating that the crystalline and chemical
structure of the rPP matrix is preserved. Only slight varia-
tions in band intensity and baseline are observed, which are
attributed to the presence of lignocellulosic components in
the fibres - principally hydroxyl (~OH) groups and C-0-C
vibrations. Regarding chemical interactions, the spectra
did not reveal a distinct new peak corresponding to the es-

ter linkage (expected near 1700-1740 cm™). This absence
is attributed to the low concentration of MAPP coupling
agent (3 wt. %) and the overlap of the carbonyl signal with
the dominant spectral envelope of the polypropylene ma-
trix. Such limitations are consistent with previous reports
on MAPP-reinforced composites, where the esterification
bands were either masked or below the detection limit of
standard FTIR-ATR measurements (Bassyouni et al 2018;
Bermello et al 2008).

While complementary techniques such as XPS could
theoretically isolate surface chemical changes, the effec-
tiveness of compatibilization in this study is strongly evi-
denced by the macroscopic performance. The significant
increase in tensile strength (up to 92% relative to neat
rPP) and the fiber wetting observed in SEM micrographs
demonstrate efficient stress transfer across the interface.
Overall, the FTIR analysis supports the interpretation that
the composite behavior is governed by adequate interfacial
compatibility and physical adhesion, which is corroborated
by the mechanical results rather than by the isolated detec-
tion of new chemical bonds (Paredes Garcia, 2024).

3.3.2 Fracture morphology by SEM

Scanning electron microscopy (SEM) analysis confirms
the close relationship between microstructural features
and the mechanical and thermal behavior of the rPP-si-
sal composites. Neat rPP exhibits a homogeneous and
ductile fracture surface, whereas the formulations with
moderate fiber contents, particularly SIS250 20%, display
well-dispersed fibers with excellent wetting and strong in-
terfacial adhesion (Figure 5). This is evidenced by matrix
residues adhering to the fiber surfaces and the absence
of significant voids. Such morphology promotes efficient
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FIGURE 4: FTIR Spectra of a) rPP, and b) composite samples.
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FIGURE 5: SEM images for rPP composites reinforced with 10 wt. %, 20 wt.% and 30 wt.% of sisal fibers.

load transfer through the MAPP-compatibilized interface
and enables energy-dissipating mechanisms such as con-
trolled fiber pull-out, in which fibers slide from the matrix
during fracture. These mechanisms explain why this for-
mulation achieves the most favorable balance among stiff-
ness, strength, and toughness. In contrast, the composites
containg 30 wt.% of sisal fibres, show the presence fo fiber
agglomerates, interfacial voids, and regions of incomplete
impregnation. These microstructural defects act as stress
concentrators and reduce the materials ability to absorb
energy, consistent with the observed decrease in impact re-
sistance and elongation at break for this formulation. This
behavior coincides with reports in the literature on PP com-
posites reinforced with lignocellulosic fibers, where exces-
sive fiber loading weakens interfacial efficiency and gen-
erates defects that diminish toughness despite increasing
stiffness (Faruk et al., 2014; Essabir et al., 2013). Overall,
the SEM observations corroborate the mechanical trends
and are consistent with thermal analysis, which likewise
indicates increased structural heterogeneity and higher
initial reactivity in composites with elevated fiber content.

3.4 Industrial Feasibility, Resource Considerations
and Potential Applications

The developed rPP/sisal composites demonstrate fa-
vorable potential for industrial implementation. Based on

the present study, the 20 wt.% fiber formulation provides
the optimal balance between stiffness, tensile strength,
and impact resistance, while remaining compatible with
realistic material availability. Post-industrial polypropylene
waste is generated in substantially larger volumes than
suitable lignocellulosic streams, suggesting that partial
substitution, rather than high-fiber loadings, represents
a more scalable strategy. Although natural fibers may be
cost-sensitive in certain markets, sisal fibers are accessi-
ble not only through agricultural supply chains but also via
urban post-consumer streams, such as discarded coffee
sacks, ropes, carpets, and packaging textiles, providing
additional opportunities for localized material recovery.
From an economic perspective, the use of post-industrial
polypropylene reduces reliance on virgin feedstock, while
moderate fiber incorporation minimizes processing com-
plications and avoids excessive material costs associated
with high natural-fiber contents. As the composites were
produced using conventional compounding and injection
molding without specialized modifications, the approach
is fully compatible with existing manufacturing infrastruc-
ture, supporting industrial scalability and transferability to
regions with comparable waste streams and processing
capabilities. Building on the mechanical and thermal char-
acterization presented in this study, the 20 wt.% rPP/sisal
formulation exhibits properties suitable for lightweight
structural and semi-structural applications. Potential uses
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include white-goods components, such as clips, panels,
and housings, as well as automotive interior parts requir-
ing moderate stiffness and impact resistance. The mate-
rials are compatible with conventional injection molding,
facilitating integration into existing manufacturing lines.
Furthermore, the concept can be extended to hybrid com-
posites or alternative lignocellulosic waste streams, ena-
bling broader implementation within regional circular value
chains and further supporting the objectives of the INCIR-
CULAR project.

4. CONCLUSIONS

This study demonstrates the technical feasibility and
high potential of recycled polypropylene (rPP) composites
reinforced with recycled sisal fiber (SIS250) for structur-
al applications in the white goods sector. The proposed
material system embodies the principles of the circular
economy by simultaneously valorizing post-industrial pol-
ymer waste (rPP from Gorenje) and secondary agricultural
waste (sisal fibers recovered from coffee bags). The most
significant outcomes of this research are summarized as
follows:

Effective Mechanical Reinforcement: The addition of
sisal fibers in combination with MAPP compatibilizer,
produced highly efficient load transfer. The composites
exhibited substantial improvements in stiffness (ten-
sile modulus up to +45%) and tensile strength (up to
+92%) at 30 wt.% sisal relative to neat rPP.

Optimal Formulation: Although the 30 wt.% formulation
provided the highest stiffness, the SIS250 20% compo-
site offered the most balanced mechanical profile. It
achieved the maximum Charpy impact strength (+33%
compared with rPP) while maintaining significant gains
in stiffness and strength, making it the most mechani-
cally robust and energy-absorbing formulation.
Morphological Validation: SEM observations confirmed
excellent fiber-matrix adhesion and uniform disper-
sion at 20 wt.% of sisal fibres added, enabling efficient
stress transfer. At 30 wt.%, however, fiber agglomera-
tes and interfacial voids appeared, acting as stress
concentrators and reducing toughness, fully consistent
with the mechanical trends.

+ Thermal Stability: The addition of sisal fibers slightly lo-
wered the degradation onset temperature due to the lo-
wer intrinsic thermal stability of lignocellulosic compo-
nents. However, composites with higher fiber contents
exhibited increased carbonaceous residue at elevated
temperatures. While this char formation suggests a
positive tendency towards improved fire reaction beha-
vior, specific flammability testing (e.g., UL-94) would be
required to certify this performance.

Industrial Viability: The SIS250 20% composite emer-
ges as a promising candidate for semi-structural com-
ponents in the white-goods sector. While long-term
durability tests (fatigue, creep) are recommended for
critical load-bearing parts, the current static mechani-
cal profile meets the requirements for various rigid ca-
sing and internal support applications, demonstrating

that the dual valorization of polymer and natural-fiber
waste streams can yield high-performance materials.
Neverthelles, future studies should evaluate the poten-
tial long-term effects, including moisture uptake, biode-
gradation, and UV exposure, to confirm the composite’s
durability under industrial service conditions.

Overall, this study supports the circular-economy
strategy advanced within the INCIRCULAR project by
demonstrating the technical feasibility of transforming
post-industrial polypropylene waste into high-performance
bio-composites through conventional processing technol-
ogies. The findings provide material-level validation for
scalable circular value chains integrating recycled plastics
and lignocellulosic reinforcements, supporting further pi-
lot-scale implementation and end-of-life circularity assess-
ments. While the environmental benefits of this approach
are discussed qualitatively, a comprehensive life-cycle
assessment (LCA) would be required to quantitatively sub-
stantiate reductions in environmental impact, representing
an important direction for future work.
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ABSTRACT

Recycling plastics is an energy intensive process, but entomoremediation (the use of
insects to transform environmental contaminants), and insect-driven plastics degra-
dation (plastivory) may offer a natural, low energy, cost effective approach to plas-
tics waste reduction. Polystyrene and some polyethylene materials are amenable
to degradation by darkling ground beetle (Tenebrionidae) adults and larvae, and a
wide range of polyethylene can be degraded by waxworm moth larvae. Mandibu-
lar activity of the insects chewing on plastics serves to increase the surface area
of the polymers that can be attacked by insect digestive enzymes and gut bacteria
that can degrade the polymers into individual monomers and other low molecular
weight compounds. The objective of this work was to determine the feasibility of an
innovative solution to the plastics waste problem using a holistic, low technology,
low cost, and low maintenance technique. Plastivory by ground beetle mealworm
larvae was tested using small batch, mixed food and plastics waste compost bins.
Different combinations of food waste and plastics were assessed and ultimately
modeled through a continuum model of mealworm population dynamics. Our ide-
alized, coarse-grained continuum population model suggests that a modestly-sized
compost bin can support a steady population of ~1100 mealworms that can de-
grade plastic at a rate of ~2 g of polystyrene foam per week. It is anticipated that
this model will allow for assessing the extrapolation of empirically derived plastics
degradation rates at various scales such as individuals and households, to industrial

1. INTRODUCTION

A common need on DoD/Army installations and
throughout the world is to find efficient and less harmful
means for waste reduction and novel sources of manu-
facturing feedstocks. Polyethylene (PE) or polystyrene
(PS) are ubiquitous, recalcitrant plastic materials with
breakdown times estimated at 400 years for many plas-
tics (Parker 2019). PE and PS (Styrofoam) consist of long,
linear, and/or branched chains of ethylene or styrene mol-
ecules, respectively. PS constitutes the most common
class of plastics, least sustainable (Brandon et al.,, 2020),
and the most difficult to transport and eliminate. Many re-
cycling centers do not accept PS due to its bulky nature, so
it is generally placed in landfills where it persists (Brandon
et al., 2020).

Recycling plastics is both energy intensive and often
cost prohibitive. An interesting and still very embryonic
means for plastics waste reduction is to use insect-driven
plastivory, or entomoremediation. Many forms of PS and
some PE materials are amenable to breakdown by either
darkling ground beetles in their adult and larval (meal-
worm) forms (Coleoptera: Tenebrionidae: Tenebrio molitor

scales that would comply with municipal regulations.

and Zophobas morio), or waxworm moth larvae (Lepidop-
tera: Pyralidae: Achroia grisella and Galleria mellonella)
(Brandon et al., 2018; Kundungal et al., 2019; Urbanek et al.,
2020; Yang et al., 2014; Yang et al., 2018; Yang et al., 2020;
Yang et al., 2015a; Yang et al., 2015b). The surface area of
the plastic polymers is increased by the insects chewing
(mandibular activity) on plastics which allows for access
by insect digestive enzymes and gut bacteria that can de-
grade the polymers into low molecular weight compounds
or completely mineralize them into CO, (Brandon et al,,
2018; Yang et al., 2015a).

Mealworms have been shown to consume numerous
types of styrene polymers, but limited types of PE mate-
rials (as reviewed by (Pham et al,, 2023)). In one feed-
ing experiment, simple mono-compound PE and PS were
introduced to mealworms separately and in combination
(Brandon et al., 2018). Feeding and degradation of both
plastics occurred at a high level separately but there was
a preference for the specific type of PE used when the
plastics were introduced together. This study observed
shifts in the gut microbiome community structure when
insects were feeding on different plastics as food sourc-
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es, but the dominant bacterial phyla were unchanged. It
was observed that minor microbial phyla in the gut were
more variable between PE and PS diets indicating that
numerous bacteria may work together to degrade plas-
tics in a nonspecific manner (Brandon et al., 2018). Isolat-
ed cultures of gut bacteria have been shown to degrade
different plastics but the feasibility of commercialization
of these processes is currently confounded by practical
limitations. Among these obstacles, implementation of
a plastics degrading bioreactor would have to be main-
tained in a liquid environment with strict oversight of the
plastics being introduced and constant monitoring to as-
sess the health of the system. Although this could be an
exciting technology, it would require intensive engineer-
ing and extensive capital investment. The use of meal-
worms as a bioreactor could overcome many of these
limitations. For example, an insect system could be re-
garded as a semi-autonomous, self-perpetuating reactor
constantly introducing new plastics into the gut micro-
biome system, while reproducing to create more biore-
actors. It is envisioned that this system would be largely
self-sustaining as the mealworms and adults are mobile
and capable of finding new sources of plastic in a mixed
reactor setting or moving away from less desirable con-
ditions. Furthermore, darkling beetles have a wide tem-
perature tolerance as they are found in most ecosystems,
typically scurrying along the ground, amongst leaves or
detritus, or under rotting trees and logs throughout the
year in more temperate environments. As a model sys-
tem and something that could be used by anyone, the
beetles are cosmopolitan throughout the world (non-in-
vasive), flightless, non-biting, extremely low maintenance,
highly reproductive, and inexpensive. Although the bee-
tles can eat plastics exclusively, their health and eating
vigor is vastly improved when offered a variety of other
food sources such as grains, fruits, and vegetables. This
suggests that the plastivory of these insects might best
be leveraged in mixed waste, plastics-composting at a
small, contained scale such as for households or small
installation composting bins.

The goal of this effort is to provide a simplistic solution
to the food and plastics waste problem by demonstrating
the use of beetles/mealworms to facilitate plastics degra-
dation using small-batch, food compost bins for either in-
dividual households or food service facilities. Extrapolation
of previous experimental benchtop-scale rates of degrada-
tion of low-density polyethylene (LDPE), polystyrene (PS),
and high-density polyethylene (HDPE) in a pliable form like
shopping bags (~0.5 mg, 0.25 mg, and 0.05 mg plastics
degraded/mealworm each day, respectively) will inform
the end-user regarding the number of mealworms needed,
effective ratios of food to plastics waste, and expected
speed of plastics degradation.

Asreferenced in the Army Installations Strategy (https://
apps.dtic.mil/sti/citations/AD1118920), Army installations
are often dependent on infrastructure and services in sur-
rounding communities, making them vulnerable to adver-
sarial threats as well as subjecting them to regulations and
standards of the specific municipalities. Ever-changing,
municipality-specific regulations lead to inevitable gaps in

Army-wide Facility Investment Plans for waste disposal,
including food waste and recyclable materials. For exam-
ple, the state of California signed SB54 (https://calrecycle.
co.gov.gov/laws/rulemaking/sb54regulations/) into law in
2023 mandating that 30% of single use plastic packaging
and food-ware must be recycled, increasing to 40% by 2028,
65% by 2030, and 100% of all packaging must be recyclable
or compostable by 2032. Furthermore, the California Com-
posting Law SB1383 (https://leginfo.legislature.ca.gov/
faces/billNavClient.xhtmI?bill_id=201520160SB1383)
went into effect January 2022 requiring households and
organizations to separate organic, compostable materi-
al from other garbage with the goal of a 75% reduction in
statewide disposal of organic waste into landfills. Other
municipalities may have less stringent or no projections for
waste reduction, but they too will likely follow California’s
lead eventually. Fines for non-compliance may be high and
it is still unclear how this will be monitored. An innovative,
inexpensive method of reducing compostable food waste
and select plastics material, while at the same time reduc-
ing disposal costs and potential fines and improving public
perception of Army installations would be an easily achiev-
able goal with a high return on investment.

2. MATERIAL AND METHODS
2.1 Supplies

Mealworms (Tenebrio molitor) were originally ordered
from Carolina Biological Supply Company (Burlington,
North Carolina) and sustained on a mixture of PS #6 foam
(Uline Catalog No. s-23554, Pleasant Prairie, Wisconsin),
HDPE #2 and LDPE #4 (Uline Catalog No. s-19363), and
organic rolled oats (Bob’s Red Mill, Milwaukie, OR). Meal-
worms were maintained over successive generations as
reported in Jung, et al., 2024 at 25°C, in the dark, and at
approximately 50% humidity.

2.2 First compost trial

Food wastes and plastics were added at a 50:1 ratio to
a3.8L (23 x23x 11 cm) bin containing 100 g of oats and
5 g cardboard. Approximately 274 mealworms of various
sizes weighing 13.6 g were added to each of three experi-
mental and three control (no food waste) bins. All food and
plastics wastes were itemized and weighed (Table 1). This
trial was terminated after 36 days.

2.3 Second compost trial

Mealworms of various sizes were collected over a
2-week period and stored in 4°C. Healthy worms (n=1000;
48 g collective wieght) of various sizes were collected into
three separate containers and weighed. These mealworms
were added to 15 L (42.5 x 30.2 x 17.8 cm) bins with both
food and non-food waste (food:non-food = 2.5:1); no bran
or oats were added (Table 2). This trial was terminated af-
ter 30 days.

2.4 Large compost trial

Food and plastics waste from a cafeteria trash bin was
sorted and recorded as type, form, and weight and distrib-
uted evenly to three experimental (mealworm-containing)

C.M. Jung, K.R. Pilkiewicz / DETRITUS / Volume 34 - March 2026 / pages 88-96 89



TABLE 1: Itemized food and plastics waste added to first compost trial. Exp=experimental trial.

Exp A Exp B Exp C Control A Control B Control C
Egg carton - foam (PS) 0.8 0.7 0.7 0.6 0.6 0.7
Biohazard bag (HDPE) 0.3 0.2 0.3 0.2 0.2 0.3
Storage bag (LDPE) 0.6 0.5 0.7 0.7 0.6 0.5
Foam Packing (LDPE) 0.4 0.3 0.3 0.4 0.4 0.4
Styrofoam blocks (PS) 0.9 0.9 0.9 0.9 0.9 0.9
Cardboard 4.8 5.1 4.8 4.2 4.5 49
Non-food waste (g) 7.8 7.7 7.7 7.0 7.2 7.7
Grapes 76.90 72.00 67.30
Strawberry 71.10 71.20 69.70
Apple 1389 152.9 152.9
Bread 23.60 23.70 26.30
Raspberry 43.30 45.50 45.20
Blueberry 30.10 30.30 30.80
Total food (g) 383.9 395.6 3922
Ratio food:non-food 49.22 51.38 50.94

and one control bin without mealworms. Roughly 1500
mealworms (83 g collective wieght of each batch) were
added to each of the three bins which were 49 L (56 x 43
x 30.5 cm) and contained both food and non-food waste
(food:non-food = 0.4:1) (Table 3) and 36 g oats. This trial
was terminated after 100 days.

TABLE 2: Itemized food and plastics waste added to second com-
post trial. Exp=experimental trial.

Exp A Exp B Exp C (ngs\:‘;:g‘:s)
Packing foam (PS) 13.8 15.8 16.9 14.9
Egg carton (PS) 6.20 5.90 6.30 6.80
Clamshell for berries (PET) 10.1 10.2 9.50 9.80
Small bubble wrap (PE) 2.70 2.80 2.90 2.80
Small crouton bag (PE) 0.43 0.43 0.43 0.43
Small storage bag (PE) 0.25 0.25 0.25 0.25
Large plastic bag (PE) 12.7 14.3 12.0 10.5
Cardboard 35.2 354 35.6 35.6
Non-food waste (g) 46.2 49.7 48.3 45.5
Croutons 17.5 17.6 17.7 13.3
Apple 30.2 37.5 38.0 36.6
Lettuce 4.90 5.50 5.20 5.30
Avocado shell 4.30 4.70 4.30 5.70
Strawberry 58.1 58.8 67.0 58.4
Grapes 43.1 45.6 42.5 43.6
Raspberry 13.8 12.9 13.7 12.6
Eggshell 2.90 3.30 3.10 4.00
Blueberry 16.2 13.4 15.9 19.2
Red onion 10.9 9.20 10.1 7.90
Total food (g) 202 209 218 207
Ratio food:non-food 2.48 2.45 2.59 2.55

2.5 Modeling to extrapolate to large-scale compo-
sting

Accurately tracking the number of mealworms in a
population over time is a daunting task. An adult female
darkling beetle can lay hundreds of eggs over her lifetime,
and these eggs are very small and adhere to surfaces, mak-
ing them difficult to even see, much less separate from a
compost bin and count. During the early instars of their
larval lifecycle, mealworms are likewise almost invisible to
the naked eye. As the insect population grows over time,
these counting difficulties are only exacerbated. To predict
the long-term size of the mealworm population supported
by differently sized compost bins, and thereby estimate
the expected rate of plastic consumption, we devised an
ODE (ordinary differential equation)-based population dy-
namics model. This model tracks the subpopulations of T.
molitor in five different lifecycle stages: egg, larva, pupa,
reproducing beetle, and non-reproducing beetle. The adult
population is divided into two subpopulations since female
darkling beetles do most of their egg laying within the first
two months of their adult lives, even though their overall
lifespan lasts ~6 months.

Assuming a roughly equal sex ratio across the total
population, the temporal subpopulation of eggs, denoted
as N(t), will grow at a rate proportional to half the size of
the young adult (reproducing) beetle subpopulation, N,(t).
The constant of proportionality, which we term the fecun-
dity, f, estimates the average number of eggs each young
female lays in a week. The number of eggs is depleted as
the eggs hatch into larvae. The rate of this process will be
proportional to N.(t), with a constant of proportionality, n_,
which we dub the egg hatching rate. These considerations
lead to the following differential equation for N(t):

T ) = e (0 (1)

The subpopulation of larvae, which we denote N (t), will
grow at a rate n_N, (t), since all eggs are assumed to even-
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TABLE 3: Itemized food and plastics waste added to third compost trial. Exp=experimental trial.

Exp A Exp B Exp C (ngc\):t::?r:s)
Clamshell plate (PS) 55.7 34.0 48.9 35.0
Large drink cup (PS) 25.4 20.8 25.5 26.8
Small food bowl (PS) 9.50 7.60 1.4 8.40
Soft drink bottle sliced (PE) 9.90 8.10 13.3 12.6
Clear pie tray clamshell (PS) 8.90 9.80 8.60 9.60
Small fry tray 6.20 6.20 7.40 8.70
Coffee cup 23.3 20.7 14.9 16.1
Napkins 70.2 53.1 106.4 53.9
Non-food waste (g) 209 160 236 171
Ft?;:a::ss,tce:o(?r?bread, collard greens, pie crust, broccoli, rice, hull peas) 712 774 74 781
Ratio food:non-food 0.340507 0.482845 0.313029 0.456458

tually hatch. This is an approximation, of course, but not
an unreasonable one, so long as we assume the system
is maintained at optimal breeding conditions. Larvae are
lost to two processes: pupation and death, both of which
should occur at rates proportional to N (t). We approxi-
mate pupation as occurring at a constant rate, p, but we
assume that the death rate should also depend upon the
total population of larvae and adults, N_(t). In particular, we
assume that the system has an optimal carrying capacity,
K, determined by the external conditions and the available
surface area available to the organisms, and the death rate
should increase the more the total population of feeding
organisms (i.e., excluding eggs and pupae) exceeds this
capacity. These considerations lead to the following differ-
ential equation:

% = 1eNp(£) — pN, () — %NL(t)NT(t) 2
wherein p_is the fixed mortality rate of larvae at capacity
(N,=K).

The population of pupae, N(t), should grow at a rate
PN, () and decline at a rate n_N(t), wherein n_is the pupal
hatching rate. This leads to the following differential equa-
tion for N (t):

e ® — oy @)~y (0 3

Unlike darkling beetle eggs, which hatch at very high
rates under optimal conditions, pupae have a much lower
successful hatch rate, so we will assume that the young
beetle population, N,(t), grows as x,n N, (t), wherein x,€[0,1]
estimates the fraction of pupae that successfully emerge
as adult beetles. The young beetle population will decline
as a function of both their aging out of the reproductive-
ly active stage (parametrized at a rate a) and their death,
modeled using a logistic term similar to that in Equation
2 (with the same capacity, K, but a different mortality rate,
Hg). These considerations lead to the following differential
equation:

T — 3omaNa(©) = ay(©) =52 N, ON7 1) @

Finally, the nonreproductive beetle population, N(t), will
grow as younger beetles age into the class and decline ex-

clusively through death (with the same mortality rate, p,):
dNp(t
5O a0~ Ny ONy ) (5)
The total population of feeding organisms, N, (t) will
always equal the sum total of the larval and adult popu-
lations:

N, ()=N,(t)+N,(D)+N(t) (6)

Together, Equations 1-6 constitute a closed, nonlinear
dynamical system that can be solved numerically. We will
be principally interested in the long-time behavior of solu-
tions, which, as we will discuss in the proceeding section,
can be characterized analytically.

3. RESULTS AND DISCUSSION
3.1 First compost trial

The food:non-food ratio for the first trial was 50:1, us-
ing primarily fruit and bread, and the plastics were largely
the plastics they had been exposed to previously (Figure
1). Approximately 274 mealworms (13.6 g) of various sizes
were added to each bin and they were housed in the dark
at 25°C. At 36 days the mealworms were counted (Figure
2) and the plastics were itemized, weighed, and the per-
cent consumption by mealworms was determined (Figure
3). Interestingly, the experimental group experienced 71%
attrition which was likely due primarily to the presence of
fungi which had overtaken the experimental groups. In the
absence of decomposing fruit, the control group only ex-
hibited 35% attrition. The control group performed better
due to numbers and health of survivors.

3.2 Second compost trial

The food:non-food ratio for the second trial was 2.5:1,
using primarily fruits and vegetables, and the plastics were
collected from household waste (Figure 4). Approximate-
ly 1000 mealworms (48 g) of various sizes were added to
each bin and they were housed in the dark at 25°C. A larger
container was used to provide enough space for the plas-
tics. At 30 days the trial was terminated due to massive
fungal growth. Numerous mealworms were floating in the
decaying liquid of the food and few, if any, survivors were
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FIGURE 1: First compost feeding trial showing mealworms added to an (A) experimental bin and a (B) control bin without food.

seen. This was surprising since there was more space
available for the mealworms to climb away from the liquid
and there was much less food available for decay than the
first trial. However, it is possible that the plastic may have
prevented natural evaporation of the decaying food, and
this may have been remedied with the addition of oats as
dry bedding and food that could have absorbed some of
the moisture.

3.3 Large compost trial

Food and plastics waste (food:non-food = 0.4:1) from
a cafeteria trash bin was sorted and distributed to three
experimental bins containing 1500 mealworms (83 g)
each and one control bin (49 L each) (Figure 5). The trial
was terminated at 100 days and observations were made
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FIGURE 2: Percent survivors after 36-day compost feeding trial.

and plastics sorted and weighed. Unfortunately, the need
to weigh the starting material as wet weight meant that
after 100 days in a semi-arid environment the liquid from
the food waste had evaporated and/or food had been con-
sumed, so the light plastic materials did not exhibit signif-
icant differences in weight between the mealworm (MW)
and control treatments. However, visual inspection showed
a different picture with obvious signs of biting and con-
sumption of most PS plastics and paper waste material by
the mealworms after 100 days in the experimental groups
but not in the control (Figure 6). The small food bowl was
the only material that showed a marked decrease in weight
in the MW treatment compared to the control (Figure 7).
There was no visible consumption of the clear plastics. No
food remained in the experimental bins and very little oats
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FIGURE 3: Percent of plastics consumed over 36 days.
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FIGURE 6: (A) Paper and (B&C) PS plastics showing bite marks and consumption of the material by mealworms during the 100-day large
compost trial.
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FIGURE 7: Percent consumption by weight of waste material after 100 days in the large compost trial.

remained. Mold/fungi was present, but it was not as over-
whelming as the previous compost trials.

Overall, the higher diversity and lower quantity of com-
posted food proved to be a better combination for surviv-
al of the mealworms. Although each of the experimental
bins started with approximately 2500 larvae, only about
10% remained at a measurable size after 100 days (157
+ 21). There were numerous adults (103 + 20) and pu-
pae (34 t 6), and too many early instar larvae (<1mm) to
count.

3.4 Modeling for scale-up

Mathematical modeling provides an alternative means
for predicting the amount of plastic that will be consumed
by a dynamic population of T. molitor. Assuming this pop-
ulation is confined to a compost bin in which an excess of
edible materials is perpetually maintained, it will eventually
reach a steady state wherein the birth of new organisms is
offset by the death of older ones. For times much longer
than that required to reach this stationary state, the aver-
age rate of plastic consumption should remain constant,
since it will directly depend upon the steady population of
feeding organisms. To estimate this population, we look
for the fixed points of the dynamical system defined by
Equations 1-6.

This system has only a single physically accessi-
ble fixed point (fixed points involving negative organism
counts are discarded). We can solve for the value of this
fixed point analytically. Defining the steady state subpop-
ulation N (t—00) as N _(with no temporal argument), we
find:

Z  2fmxep
“o) +

\Nb = ANb

N = aN?
® 7 XxppN, — aN,
A—a
N, = - XpP g (7)
7(’” 1 +xpp/1—a)

We can estimate the various parameters of this popu-
lation model from the existing body of literature (https://
www.breedinginsects.com/yellow-mealworm-life-cycle/),
(Eberle et al.,, 2022; Liu et al., 2020; Palumbo et al., 2024).
Under optimal conditions, mealworm eggs are estimated
to hatch over the course of 7-10 days, so we can estimate
an average hatch rate of n_=0.824 weeks™. Female darkling
beetles can lay as many as 500 eggs during their lives,
mostly during the first two months of adulthood, leading to
an estimation of the fecundity as f=62.5 weeks™. Although
the rate of egg laying is not uniformly distributed over this
interval, the parameter f represents an average rate across
the entire subpopulation of young adult beetles.

Mealworm larvae can start pupating after 10-12 weeks,
giving an estimated pupation rate of p=0.091 weeks™. As-
suming ample nutrients and space are available to the pop-
ulation, as much as 97% of the larval subpopulation can
survive to pupate, suggesting an estimated larval mortality
rate of p =0.088 weeks™. Note that under these optimal
conditions, the effects of cannibalism will be minimal. The
optimal population density for T. molitor has been estimat-
ed at 0.25 individuals per square centimeter, suggesting
that the carrying capacity of the model should be K=0.25
A, wherein A is the surface area available to the popula-
tion within the composting container in units of square
centimeters. This area will be estimated as the exposed
cross-sectional area of the composting container.

Pupae commonly hatch after only about a week, so we
estimate n,=1.0 weeks™. Only about 75% of pupae actually
hatch, under optimal conditions, so we set x,=0.75. As al-
ready mentioned, adult female beetles are only fertile for
about two months, so this suggests we set the aging rate
a=0.125 weeks™. Beetles can live between 3-6 months, so
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we estimate the average beetle mortality rate as p,=0.056
weeks™.

Using the above parameter values and the average
rates of larval plastic consumption cited earlier, we plot the
estimated total mass of consumed plastic as a function
of exposed composting surface area in Figure 8. Because
we found that adult beetles consume minimal plastic, and
because their steady subpopulation is orders of magnitude
lower than the steady subpopulation of larvae, we can esti-
mate the total plastic consumption using N, rather than N_.

Despite the complexity of the steady-state subpopula-
tion expressions in Equation 7, a simple linear relationship
between the feeding surface area and the average plastic
consumption rate emerges. The amount of time required
for a system to reach this limiting consumption rate will
naturally vary as a function of the initial population size.
A smaller seed population of mealworm larvae will take
longer to reach steady state than a larger seed population.
As mentioned, these estimates also depend upon the com-
posting site being regularly refilled so that edible resourc-
es (both food and non-food) remain in excess as well as
being maintained at an optimal temperature and humidity
level. As our experiments have demonstrated, enforcing
this latter constraint without allowing mold and mildew to
infiltrate the system represents a significant practical chal-
lenge.

4. CONCLUSIONS

The primary objective of this research was to determine
the feasibility of breaking down plastics in a novel fashion
using plastivorous mealworms in a food and mixed plas-
tics waste compost. The combination of food and plastics
waste would be most beneficial to household food com-
posting, but our results demonstrate a need for separate
composting, as food waste may be too heavy and wet for
the mealworms. The positive takeaway is that unlike re-

cycling, where food scraps need to be removed from the
plastics material, food remnants would likely be beneficial
in a plastics waste compost, as might small quantities of
cardboard and paper waste.

Our coarse-grained continuum population model sug-
gests that even a modestly-sized compost bin, after suffi-
cient time, can support a mealworm population substantial
enough to degrade plastics at an appreciable rate—far fast-
er than their natural degradation rate in a landfill. For exam-
ple, choosing the smallest bin size used in our experiments,
our model predicts that it can support a steady population
of ~1100 mealworms that can degrade plastic at a rate of
~2 g of polystyrene foam per week. Although it is difficult
to understand how this might translate to an individual or
household, one estimate states the average American gen-
erates approximately 1,800-2,900 g per year (35-56 g per
week) (https://www.sandiego.gov/sites/default/files/ap-
pendix_b_air_quality_and_greenhouse_gas_emissions_es-
timates_0.pdf), making composting with mealworms at a
household scale seem feasible.

The accuracy of the model predictions remains in
question for the present, due to the difficulties in tracking
the size of a T. molitor population over time, but we can at
least say that its predictions represent, at best, a crude up-
per-bound on the plastic consumption rate of mealworms.
This is because our model relies on the assumption of an
idealized system environment that, as we have demon-
strated, is difficult to achieve even in the laboratory, much
less in the compost bin of an Army installation.
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ABSTRACT

In the present study, hydrothermal carbonization (HTC) of banana peel waste, show-
ing a moisture content of 85 wt%, was carried out in a 500 mL stirred stainless steel
autoclave at a temperature ranging between 180 and 250°C, for a residence time of
0.5 h. The reaction solid residue was recovered via vacuum filtration and washed with
distilled water before drying it in a ventilated oven at 105°C, until constant weight,
and stored in 50 mL plastic vials, before analytical characterization. Banana hydro-
chars were characterized in terms of proximate, elemental analysis, FTIR and high
calorific value (HHV). Hydrochar mass yield showed a maximum at 220°C (32 wt%),
while gas and liquid mass yields increased monotonically with reaction temperature,
up to 70 and 2 wt%, respectively. HHV increased with reaction temperature up to
27.13 MJ/kg, corresponding to an energy densification ratio EDR of about 169%.
Mass yield and energy properties of banana hydrochar prove that a HTC treatment
carried out at 250°C for 0.5 h is able to produce a valuable solid biofuel showing the
characteristics of lignite.

1. INTRODUCTION

The urgent need for a sustainable and green production
of thermal energy and electricity by renewable sources
exploitation, has boosted, in the last few years, the seek
for a clean technology to address the climatic challenge
and ensure reliable energy solutions (Cotana et al., 2014;
Ibarra-Gonzalez and Rong, 2019; Shen, 2020). An adequate
thermochemical valorization of waste biomass, globally
available in large quantities, may accelerate the transition
from fossil fuels to carbon neutral energy systems, reducing
both greenhouse gas emissions and waste generation
(Lee et al., 2020; Nunes et al., 2020). Between the different
technologies investigated in the last decades for the energy
exploitation of waste biomass, thermochemical treatments
such as pyrolysis and gasification have received high
attention due to the possibility of producing energy carriers,
either solid (bio-char), liquid (bio-oil) and gaseous (syn-
gas), potentially capable to substitute the mineral fuels
(R. Volpe et al., 2016). Unfortunately, the majority of waste
biomass has high moisture content (often higher than 50%
by weight) that limits the use of such dry thermochemical
technologies, given the high energy costs associated with
the removal of water before the substrate processing
(Messineo et al., 2012; Messineo and Panno, 2008).

More recently, hydrothermal carbonization technology
(HTC) has shown the high potential for transforming high
moisture waste biomass into a carbon and energy dense
material, named hydrochar, with energy characteristics
close to the pyrochar (Picone et al., 2021). HTC allows to
convert wet biomass in closed reactors and in the presence
of additional water at subcritical conditions (180-250°C and
10-50 bar), for a residence time from few minutes to several
hours, with high energy efficiency (Becker et al., 2019).
Compared to the above mentioned dry thermochemical
treatments, HTC ensures several advantages, mostly
related to the significant energy saving, due the absence
of a biomass pre-drying step, the higher conversion degree
at milder reaction conditions, and the generation of solid
products with a very low ash content (Heidari et al., 2019;
Rodriguez Correa et al., 2018). During HTC, subcritical
water plays a crucial catalytic role, as it promotes the
splitting of the highly heterogeneous lignocellulosic
macromolecules by hydrolysis. The generated soluble
biomass fragments are then involved into a multiphase and
intricate network of competing reactions, with dehydration,
decarboxylation, poly-condensation, and aromatization
recognized as the main conversion pathways (Wang et al.,
2018). Dehydration and decarboxylation lead to a notable

* Corresponding author:
—\ Antonio Messineo
[l email: antonio.messineo@unikore. it

QQ Detritus / Volume 34 - March 2026 / pages 97-103
https://doi.org/10.31025/2611-4135/2026.19566
© 2025 Cisa Publisher. All rights reserved



reduction of oxygenated species in the initial feedstock,
substantially increasing the carbon content in the final
solid product, while poly-condensation and aromatization
govern the hydrochar forming mechanism by liquid-to-solid
and solid-solid (pyrolysis-like) reactions (Ischia et al., 2024;
Wu et al., 2025).

In the past years, HTC has been successfully employed
for the treatment of a wide range of feedstocks, such
as food waste, sewage sludge, residues from the
agro-inudstrial sector, and plastic substrates, largely
showing to be a valid solution within the realm of waste
management and the production of valuable bio-derived
materials with immense potential in both energy and
environmental applications (Volpe et al., 2020). Numerous
scholars investigated the potential use of hydrochar
for the generation of clean thermal energy by direct
combustion, observing promising performances due to
the high energy density (higher heating value in the range
of 20-28 MJ/kg), higher thermal stability compared to
raw feedstock, prevention of fouling and slagging due
to the low ash content, and reduced harmful emissions
compared to coal combustion (Wang et al., 2018; Wilk
et al., 2020). Tunability of hydrochar properties (surface
area, pore structure, surface functionality, and chemical
composition) by simply adjusting HTC parameters, allowed
for the optimization of its electrochemical performances
in specific energy storage applications (Zhou et al., 2021).
As well documented in literature, hydrochar has been also
effectively used for water remediation, by removing heavy
metals and organic persistent pollutants, soil amendment,
and carbon sequestration (Regmi et al., 2012; Wu et al.,
2025).

Until now, extensive work has been dedicated to
studying the influence of feedstock nature, in combination
with the operating conditions (reaction severity, starting
biomass concentration, use of catalysts, etc), on the
process outputs, in terms of mass yield and physico-
chemical properties, and therefore on their suitability
for specifically selected applications (Hedin and Kruse,
2020; Sharma et al., 2020). Nevertheless, further research
activity is essential not only for the advancing of scientific
knowledge and a complete understanding of the process
fundamentals, but also for optimizing and tailoring the
conversion toward HTC products with perfectly controlled
and desired features (Ischia et al., 2024).

In the present study, we report novel results regarding
banana peel waste energy upgrading via HTC at the
temperature range of 180-250°C. The produced hydrochars
were analytically characterized to measure the energy
densification and observe the evolution of proximate,
elemental composition, and chemical functionality,
after the thermochemical treatment. This work clarly
demonstrates the huge potential of HTC to efficiently
handle wet agro-waste biomass and convert it into an
energy-dense material that might be used as an alternative,
carbon neutral solid fuel, contributing to the reduction
of fossil fuels exploitation and to the development of a
circular bioeconomy.

2. MATERIALS AND METHODS
2.1 Sample preparation and experimental procedure

Banana peel waste (BPW) was used as feedstock for
the HTC treatment. BPW represents a typical agro-food
waste and was collected as a food residue of kitchen and
restaurant. Fresh BPW was ground by using a knife miller
to provide completely homogeneous pulp composition
with a reproducible size reduction. The so obtained pulp
was portioned and stored in sealed plastic bags in a
freezer at -20°C, before their use. The sample was slowly
left defrosting down to room temperature, before each HTC
experiment. A sample of as above prepared feedstock was
dried in a ventilated oven at 105°C until constant weight
to quantify the moisture content (MC); BPW showed a MC
value of 85.0 + 0.2 wt%.

BPW defrosted wet feedstock, without pre-treatment
(Volpe et al., 2022), was hydrothermally carbonized in a 500
mL stainless steel batch reactor with stirring (200 rpm) at
the temperatures of 180, 220 and 250°C with a residence
time of 0.5 h. For each experiment the reactor was loaded
with approximately 300.0 g of wet BPW (corresponding
to 45 g of dry sample) and 200.0 g of distilled water
(DW), to reach a prefixed biomass to water mass ratio
(B/W) of 0.1. After loading the feedstock, the reactor was
vented with pure nitrogen (Alphagaz 1, Airliquid™) and
the reaction temperature set at the desired temperature.
When the conversion time, at set temperature, has passed,
the reactor was cooled down to room temperature by
a cooling water circulating system, allocated inside the
reactor. The gas phase produced was flowed, through an
outlet valve, into a graduated cylinder filled with water,
and its mass was evaluated applying the ideal gas law,
assuming atmospheric pressure, temperature of 30°C and
CO, as the sole gaseous product. Indeed, it was seen that
the typical CO, molar fraction in HTC gas is higher than
0.90, with minor traces of other species such as CO, H, and
CH, (Picone et al., 2021). The hydrochar was separated
from HTC process water (PW) by vacuum filtration and
dried at 105°C until constant weight prior to mass yield
determination. All experimental tests were performed at
least three times to evaluate the deviation of data and
ensure reproducibility (the results were considered valid if
standard deviation < 2.0%).

2.2 Analytical methods and calculation

Composition and energy content of raw feedstock and
hydrochars were evaluated by proximate analysis and higher
heating value (HHV) measurement, respectively. Proximate
analysis was carried out by a LECO Thermogravimetric
Analyser TGA 701 (following ASTM D7582-15 standard
method). Approximately 400 mg of each solid sample
was used to quantify volatile matter (VM), ashes (ash) and
fixed carbon (FC) as follows: 5°C/min ramp to 105°C in air,
held until constant weight (<20.05%) to remove moisture
in open crucibles; 16°C/min ramp from 105 to 900°C, hold
time 7 min, in nitrogen and covered crucibles to determine
VM as the mass lost; natural cooling down to 500°C in
nitrogen; 30°C/min ramp in air to 800°C and isothermal

98 A. Messineo et al. / DETRITUS / Volume 34 - March 2026 / pages 97-103



until constant weight in open crucibles to evaluate ASH as
the remaining mass. FC was estimated by subtracting VM
and ash percentages from 100%.

Elemental analysis was carried out using a CHN LECO
828 series element analyzer using argon as carrier gas and
EDTA as calibration standard.

A calorimeter LECO AC500 was used to measure HHVs
according to the CEN/TS 14918 standard. FTIR analysis
was carried out on the raw material and corresponding
hydrochars samples using a Shimadzu IR Tracer
spectrometer in mid-IR mode, equipped with a Universal
ATR sampling device containing diamond/ZnSe crystal.
The spectra were recorded in the range from 600 to 4000
cm”, with a resolution of 4 cm™, by averaging 64 scans,
baseline corrected and normalized. The hydrochar mass
yield (MY, ) was calculated through Equation 1, where
m,. is the mass of hydrochar (d.b.) collected after the
conversion and m__ is the mass (d.b.) of solid starting
material.

MYHC = mHC mraw (1)

Similarly, gas mass yield (MY,,,) was evaluated through
Equation 2.

MY =m_/m_, 2)

gas gas’

PW mass yield (MY,,) was calculated by difference
through Equation 3.

MY, =1-MY, - MY, 3)

gas

The fuel ratio (FR) was defined as the mass yield ratio of
FC to VM to measure the carbonization degree of resulting
hydrochar:

FR=FC/VM 4)

The energy yields (EY) were calculated by Equation 5
to evaluate the energy retention efficiency in the hydrochar
after the biomass HTC conversion.

EY = (HHVHC/HHVMW) MYHC (5)
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3. RESULTS AND DISCUSSION
3.1 Mass yields of BPW HTC residues

Figure 1 shows the mass yields of banana HTC
residues. As predictable, gas mass yield slightly increased
with HTC reaction temperature, reaching the maximum
value of 1.7%, at 250°C. Indeed, since gas formation during
the hydrothermal treatment is highly endothermic, it was
promoted with the increase of reaction severity, coherently
with other studies reported in literature (Wang et al., 2018).
Conversely, the hydrochar mass yield did not follow a
monotonic behaviour in terms of final mass recovered, with
the maximum value (~ 32%) reached at 220°C.

The majority of HTC studies report a monotonic
decrease of hydrochar mass yield with the increase of
operating temperature, which is ascribed to the dominant
hydrolysis and devolatilization of starting feedstock over
the formation of stable hydrochar structures (Wang et
al., 2020, 2018). However, in some cases, the hydrochar
production could be enhanced by increasing the thermal
energy supplied to the reactive multiphase mixture inside
the reactor. As well known, temperature is the most
influential factor in HTC and can indeed significantly
affect the conversion pathways leading to solid products
(Sharma et al., 2020). HTC relies on a complex and intricate
network of both parallel and consecutive reactions that
include the formation of solid particles at solid-solid and
liquid-solid interfaces (Fu et al., 2025). On the one hand, the
so-called primary char is obtained from the unhydrolyzed
starting biomass through pyrolysis-like reactions,
responsible of the increased carbon content in the
recovered solid product (Lucian et al., 2018). On the other
hand, the hydrolyzed fraction is involved into competing
subreactions, with the formation of highly reactive liquid
by-products (Fu et al., 2025). Among these, organic acids,
such as acetic, lactic, propionic, levulinic, and formic acids,
play a key role in HTC as they lower the pH of reaction
medium and spark an autocatalytic process consisting of

I|—
250

220

Temperature (°C)

FIGURE 1: Mass yields of banana peel waste HTC residues at different process temperatures (solid, liquid, and gas yields are reported in

green, red, and blue, respectively).
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a boosted biomass depolymerization. The enhanced PW
reactivity may promote the accumulation of hydrochar
precursors in the liquid phase, including furans, furfurals,
and aldheydes, which could then lead to the endothermic
formation of additional solid phases with quasi-spherical
structure, named secondary char, via interphase catalyzed
reactions. Typically, once formed, the new carbon-based
microparticles tend to adhere to the primary char surface
and contribute to the increase of hydrochar recovery,
especially at severe reaction conditions (Picone et al.,
2021; Sevilla and Fuertes, 2009; Wang et al., 2020).

In light of these considerations, the results presented in
this section, suggest that the increase of temperature could
have promoted the concentration of liquid precursors for
secondary char formation and its subsequent deposition
of the available primary char sites, leading to a greater
hydrochar mass yield at 220 and 250°C, compared to that
obtained at 180°C.

Itis noteworthythat a fraction between 60and 70% of the
starting feedstock remained in the spent process solvent.
Detailed investigations have shown that PW composition
can significantly vary according to the feedstock type used
for the HTC treatment, however, the most common species
detected include organic acids, in high concentration, and
other unconverted biomass fragments, heavy metals,
nutrients, and organic compounds potentially toxic for
the environment (Wang et al., 2020). For this reason, in
order achieve the process economic and environmental
feasibility, and thus promote HTC upscaling, an adequate
valorization of residual PW represents one of the biggest
scientific and technical challenges. In the recent past,
several scholars demonstrated that PW holds remarkable
potential for innovation across energy, agriculture and
environmental fields (Ischia et al., 2024), therefore we will
focus on the development of effective strategies for PW
reuse and/or industrial valorization, in a future study.

3.2 Hydrochars characterization

Table 1 reports the results from the HHV measurement,
energy properties (EY, FR) calculation and proximate
analysis for BPW raw material and hydrochars obtained at
different reaction temperatures.

It can be observed that the energy content of produced
hydrochars is substantially higher than that of raw BPW,
due to the carbonization reactions. In addition, HHV
increased with reaction temperature, up to 27.13 MJ/
kg at 250°C, reaching a value approaching that of lignite.
The energy yield of hydrochars reached a value of 50.0%
at 250°C, with a corresponding EDR of approximately
169%. Proximate analysis data show that, as expected,

TABLE 1: Energy properties of BPW and correspondig hydrochars.

VM decreased with HTC process temperature, while FC
increased up to approximately 31.5%, at 250°C. The ash
content was significantly reduced during HTC, from 8.5
for raw BPW to 0.75-1.67% for hydrochars at 180, 220
and 250°C, respectively. This confirms that during the
wet thermochemical treatment, most of inorganics are
moved to the aqueous phase, thus considerably reducing
the risk of slagging and fouling phenomena in the case of
combustion (Reza et al., 2013).

Elemental analysis data, shown in Table 2, corroborate
the findings of proximate analysis. For hydrochars, the
content of elemental carbon increased with increasing
temperature, reaching a maximum value of 63.65%, at
250°C. The increase of carbon content with the process
severity was accompanied by a drastic reduction of
oxygenated species, while, as already reported in HTC
literature, hydrogen content is not significantly affected by
the reaction, showing stable values between 5.9 and 6.3%.

Thermochemical evolution of BPW undoubtedly prove
that coalification occurred during HTC, with a notable
densification of carbon and FC contents as the main result
(Danon et al., 2014; Garcia-Bordejé et al., 2017). Dehydration
and decarboxylation dominate the devolatilization process,
leading to the significant decrease of elemental oxygen and
VM contents. As both reactions are highly endothermic,
they were likely promoted with the increase of reaction
temperature, as suggested by the evident reduction of H/C
and O/C atomic ratios (Jia et al.,, 2022; Wang et al., 2022).
In this regard, the Van Krevelen diagram reported in Figure
2 clearly shows that dehydration is the main mechanism
involved during HTC of BPW. Furthermore, it can be seen that
hydrochars progressively assume a fuel behavior resembling
that one of peat, at 220°C, and lignite, at 250°C. The carbon
densification reflects the higher energy content found for the
hydrochars, compared to the parent substrate (raw BPW),
definitely proving the effectiveness of HTC technology
for the production of solid biofuels with high potential.

Surface chemical functionalities in raw material and
hydrochars were studied via ATR-FTIR analysis.

Figure 3 shows the FTIR spectra in ATR mode of raw
BPW and corresponding hydrochars obtained at 180, 220
and 250°C.

The spectra show a broad band between 3400 and
3300 associated to the stretching vibration of O-H, involved
in hydrogen bonding. It can be seen that this band shifted
toward higher wavenumber after the HTC treatment due
to the concentration of phenolic compounds in lignin
and carboxylic acids groups. The increasing aromatic
character in hydrochars with HTC temperature is also

Sample HHV* [MJ/kg] EY [%] EDR [%] VM* [%] FC* [%] Ash* [%] FR

BPW_ 16.09 (£ 0.18) 100.0 100.0 80.72 10.78 8.50 0.13
BPW., .00 23.48 (+0.31) 40.5 146.0 75.82 23.43 0.75 0.31
BPW., .0 24.93 (+0.32) 493 155.0 67.59 31.49 0.92 0.47
BPW, ye; 27.13 (£ 0.26) 50.0 168.6 63.07 35.26 1.67 0.56
*on adry basis (d.b.)
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TABLE 2: Elemental analysis data, O/C and H/C atomic ratios of BPW and corresponding hydrochars.

Sample cl%l H [%] N [%] 0* [%] 0/C** H/C**
BPW._, 40.85 5.87 0.84 43.95 1.72 0.81
BPW, .., 54.95 6.59 1.45 36.27 1.44 0.49
BPW, ., 59.55 6.30 1.35 31.89 1.27 0.40
BPW, ., 63.65 6.31 1.33 27.05 1.19 0.32

* 0 = 100-C—H-N- Ash; ** atomic ratio

visible with the increase of the aromatic C-H stretching
mode at 2950 and 1610 cm™, together with the bending
out of plane vibration at around 720 cm™. Aliphatic CH,
and CH, vibration modes were also detected in all samples
at 2920 and 2850 cm’, demonstrating that aliphatic
character is maintained during HTC due to aromatic
structures. C=0 stretching vibration at around 1700 cm™
(aldehydic and/or carboxylic compounds) increased
with HTC temperature, as visible in the spectra of BPW
at 220 and 250°C. The carboxylic C-O stretching mode
was revealed by the bands at 1150-1100 cm™, while the
sharp band at 1030 cm™ could be assigned to inorganig
C-O vibration. In summary, data from FTIR indicate that
HTC strongly promote aromatization and decarboxylation
of the BPW sample with temperature.

4. CONCLUSIONS

Hydrothermal carbonization (HTC) is a thermochemical
process used for the conversion of high moisture biomass,
like agro-industrial wastes, into carbon-dense hydrochars,
which could find application as valuable solid biofuels.

In this study, we investigated the thermochemical
upgrading of banana peel waste (BPW) via HTC and
assessed the effect of reaction temperature on energy
properties and composition of the hydrochars produced.

1.8

Experiments were carried out by using a 50 mL stainless
steel batch reactor at the three different temperatures of
180, 220 and 250°C, with a biomass to water mass ratio of
0.1 and keeping a fixed reaction time of 0.5 h. After HTC,
the solid products were characterized in terms of higher
heating value (HHV), proximate and elemental composition,
and surface chemical functionality.

While, as expected, gas production increased
with temperature due to the endothermic nature of
decarboxylation reactions, differently from the common
outcomes reported in HTC literature, solid mass yield did
not follow a monotonic decrease, reaching a maximum
value of approximately 32%, at 220°C. This peculiar trend
might be closely related to the formation of additional
solid phases, known as seconary char, at the more severe
reaction conditions, with an observable increase of solid
mass recovered as the main result. Data from proximate
and elemental analyses suggest that dehydration was the
main converson pathway and led to a drastic reduction
of elemental oxygen content, due to the biomass
devolatilization. Correspondingly, a significant carbon and
energy densification was found after the BPW thermal
treatment, with the hydrochar obtained at 250°C that
showed a carbon content of approximately 64%, a fixed
carbon of about 35%, and a HHV of 27.1 MJ/kg. HTC also
promoted the inorganics removal from the solid phase and
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FIGURE 2: Van Krevelen diagram of raw banana peel waste and corresponding hydrochars.
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FIGURE 3: FTIR-ATR of raw banana peel waste and corresponding hydrochars.

thus reducing the potential risk of slagging and fouling
during combustion.

The obtained results clearly prove that the solid
products from BPW HTC should be considered as excellent
candidates for co-combustion with mineral coal in existing
boilers and for the progressive replacement of fossil fuels.
Supplemental hydrochars’ characterization, such as the
investigation on their chemical composition and structure,
would be crucial for a deeper understanding of formation
mechanisms and optimization of process conditions,
toward tailored target products. A detailed analysis of HTC
process water is a lack of our work and will be proposed
in a future study to corroborate the experimental findings
reported, in terms of chemical reaction pathways, and
suggest an adequate valorization method for the residual
liquid fraction. Other potential future developments of
this study might include the expansion of basic research
on unconventional substrates, such plastic waste,
investigating the real effects of different substrates
interaction during co-HTC, and the implementation of
machine learning to assist the process engineering.
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ABSTRACT

In August 2019, one of Brazil's largest environmental disasters occurred as a result
of a crude oil spill from an oil tanker between August 2019 and March 2020, reach-
ing the northeastern and southeastern coastal regions of the country, known as the
Blue Amazon. Eleven states, 130 municipalities, and 1,009 localities were affected,
in addition to 10 ecosystems, more than 57 protected areas, and 34 animal species.
Despite the extreme circumstances, the disaster did not receive a timely response
from the federal government, and this inaction led to more significant long-term
consequences, such as the compromise of preservation areas and the temporary
suspension of artisanal fishing, damaging the livelihoods of thousands of residents
in the affected localities. The waste was mostly collected by volunteer citizens and
reused for energy recovery in co-processing as an alternative fuel in cement kilns.
Around 5,379.76 tons of waste were collected, most of which were sent to cement in-
dustries. It was found that a large amount of the collected oil was reused energetical-
ly as fuel in co-processing industries. The present article is a descriptive case report
and aims to analyze and offer an overview of the energy reuse of oil collected after
spills in co-processing activities. Primary data were obtained from official reports,
while secondary data were acquired through a literature review. The results showed
that reusing oil collected from spills in the cement industry was considered alterna-
tive for waste destination instead of disposal in landfills, and new destinations could

1. INTRODUCTION

In August 2019, the largest oil spill in Brazilian coast-
al history occurred. From August 2019 to March 2020, 11
states, 130 municipalities, and 1,009 localities were affect-
ed by the oil spill (IBAMA, 2020a). The disaster caused
extensive damage to marine biodiversity, affecting 10 eco-
systems, more than 57 protected areas, and 34 species
(Soares et al., 2020). At the time, many artisanal fishermen
suffered the impacts of crude oil contamination, in particu-
lar due to the suspension of fish and shellfish consumption
in the Northeast region of Brazil (Pena et al., 2020). There
was an immediate reduction in the sale and consumption
of fish, severely affecting the main source of income and
food for thousands of families, especially female shellfish
gatherers (Silva et al., 2021). Furthermore, there was sig-
nificant damage to tourism activities, a major source of
income for the affected coastal areas.

Figure 1 shows the extent (700 km) of the Brazilian
coastal area affected by the oil spill, reaching the north-
ern and northeastern areas, above and below the Equator

be implemented by the official environmental organisms.

due to the bifurcation of the Brazilian Current. This region
is an oceanic frontier of the continent, belonging to an area
known for its natural riches as the Blue Amazon.

According to the Brazilian Institute of Environment and
Renewable Natural Resources (IBAMA, 2020b), the oil that
reached the Brazilian coast in 2019 (Figure 2) presented
high viscosity, high density, and low concentrations of
volatile compounds due to the oil quality and weathering.
Because of its characteristics, manual removal techniques
(using shovels) were used. Visible monitoring sensors did
not detect oil slicks, indicating that the oil was not drift-
ing on the sea surface but below the surface, and for this
reason it was undetectable by remote observation systems
(IBAMA, 2022a).

After the spill, much attention was dedicated to dis-
covering the source of the oil, which was later confirmed
by Brazilian authorities to be of Venezuelan origin. Initially,
most of the oil residue was collected by volunteer citizens
without personal protective equipment (PPE) or any type of
training. However, as the oil spill spread, there was greater
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FIGURE 1: (a) Blue Amazon (blue area). Source: IBGE/Estad&o; (b) Extent of the oil spill on the Brazilian coast (green area). Source: IBAMA,

2020a.

g

FIGURE 2: (a) Oil spill in Pau Lagoon, in Coruripe (located at Alagoas State), in 2019. Source: MPF, 2025b; (b) Volunteers attempt to res-

cue young man trapped in the thick layer of oil at ltapuama Beach (located at Pernambuco State). Source: Leo Malafaia/Folha PE, 2019.

mobilization of state environmental agencies, city govern-
ments, and the Brazilian Navy.

According to Tassigny et al. (2024), risk communica-
tion in disasters involving marine pollution is essential
to prevent further damage and reduce uncertainty — par-
ticularly standardized disclosure directed at communities
surrounding the disaster, in addition to wide communica-
tion by the press directed at society. The people most ex-
posed to the oil were those who worked on coast cleanup
activities and workers involved in artisanal fishing (Carmo
and Teixeira, 2020). This accident stands out among oth-
er oil spills in Brazil due to its extent (over 700 km), and
despite its proportions and environmental damage, there
have been no measures of compensation for the damage
caused by the pollution (Lawand et al., 2021).

A guidebook (IBAMA, 2022b) was published under the
guidance of International Tanker Owners Pollution Feder-
ation with recommendations to the population regarding

personal protective equipment use and with instructions
for manual cleaning — which was the most appropriate
method for collecting the oil in order to reduce environmen-
tal damage.

At the beginning, the Brazilian Navy (2020) indicated
that the incident occurred gradually, with the first signs of
oil not suggesting a situation of national significance, and
in the absence of identification of the polluter, the Brazilian
Petroleum Company (Petrobras) was asked to clean up the
beaches due to its quantity of equipment and greater pres-
ence along the coast.

In this scenario, one of the biggest challenges was
managing the large amount of waste generated by the
spill. The solution found by the authorities was to send
most of the oily waste for co-processing, where it would
be reused as fuel in clinker-production kilns. The accident’s
scale increased and 5,379.76 tons of waste were collected,
raising concerns about its destination. Most of it was sent
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to cement industries, while a smaller amount was sent to
other final destinations, such as Class | landfills. The oil
sent to cement factories was reused as an alternative fuel
in co-processing activities.

Considering the oil spill reached the Brazilian coast in
2019-2020, this study aims to verify the destination of oil
spilled in different Brazilian coastal regions, observing the
energetically feasible use as a contribution to the improve-
ment of environmental protective action in the future. This
work contributes to the dissemination of data on the ener-
gy recovery of oily waste in co-processing, as an alternative
for waste disposal after the spill that occurred in Brazil in
2019.

One of the biggest challenges during the elaboration of
the study was obtaining data related to the destination of
oil collected on the coast after the accident, because there
was not wide dissemination at the time and most of the
information was obtained through the Access to Informa-
tion Act (legislation for open information). Therefore, this
study is highly relevant, since it aims, in the context of this
accident, to reveal information regarding the amount and
application of the oil collected on the coast, contributing
to the improvement of the most effective actions in similar
future situations. Among the main limitations found during
the study, the following stand out: reliance on official data,
the absence of independent environmental performance
metrics, the lack of emission measurements, and the con-
straints of a short communication format.

2. METHOD

This study a short communication presenting a de-
scriptive case report and is based mainly on official reports
regarding the energy reuse of oil collected after spills in
co-processing activities. The research is performed using
scientific bibliographic sources and documents available
related to the oil destination from the spill of 2019-2020
that reached the Brazilian coast.

First, a survey was conducted on primary data with
public information obtained directly from the authorities in-
volved in the oil spill that occurred in Brazil in 2019 — such
as the amount and destination of the oil collected. The
work proceeded with consultation of documents under the
Access to Information Act (Brasil, 2011) and official web-
sites. Subsequently, secondary data relevant to the object
of study were added based on the selection of scientific
papers from bibliographic searches. Also, some comple-
mentary data were carefully added from news published in
the more formal press.

3. RESULTS AND DISCUSSION

According to the Federal Public Prosecutor's Office
(MPF, 2025a), based on data from Chico Mendes Institute
for Biodiversity Conservation, shown in Table 1, a total of
13 federal conservation units, among others, were affected
by the oil spill in 2019. Some of these reserves are extrac-
tive, meaning they are home to native communities that
depend primarily on the ecosystem services provided by
the environment.

TABLE 1: Conservation units affected by the oil spill on the Brazil-
ian coast in 2019. Source: based on data from MPF (2025a).

Location (State) Conservation Unit

Cururupu Extractive Reserve

Maranh&o (MA)
Lengois Maranhenses National Park

Piauf (PI) Delta do Parnaiba Environmental Protection Area
Jericoacoara National Park

Ceara (CE) Batoque Extractive Reserve

Prainha do Canto Verde Extractive Reserve

Barra do Rio Mamanguape Environmental Protec-
tion Area

Manguezais da Foz do Mamanguape Area of
Ecological Interest

Paraiba (PB)

Acau-Goiana Extractive Reserve

Pernambuco (PE) Costa dos Corais Environmental Protection Area

Lagoa do Jequid Extractive Reserve
Alagoas (AL)

Piacabugu Environmental Protection Area

Sergipe (SE) Santa Isabel Biological Reserve

Cassurubd Extractive Reserve

Bahia (BA) Corumbau Marine Extractive Reserve

IBAMA (2016) presents a National Emergency Action
Plan for Wildlife Affected by Qil, which is responsible for
assigning the members of a wildlife team to the spill site,
with the objective of protecting and developing an appro-
priate response to wildlife affected by oil. Meanwhile, the
National Contingency Plan sets out the responsibilities
and guidelines whose competences and actions are as-
signed to each agency linked to the organizational struc-
ture in order to deal with oil accidents in waters under na-
tional jurisdiction. Such plans were used in dealing with
the accident, the extent of which required a widely coordi-
nated action.

Around 5,379.76 tons of waste were collected, 30%
of which was oil. In accordance with technical guidelines
for waste management (IBAMA, 2020c), the oil collected
along the coastline was stored in big bags. Table 2 shows
the reported amount of waste collected by state in the are-
as affected by the oil spill. The states of Alagoas (2,564.58
tons) and Pernambuco (1,676.26 tons) had the highest
amounts of waste collected.

Furthermore, based on external access to IBAMA pub-
lic data, most of this waste was sent to licensed cement
kilns for co-processing, as shown in Table 3, at the Voto-
rantim Cimentos facilities in Laranjeiras (located in Sergipe
State) and Sobral (located in Ceara State), Mizu Cimentos
(located in Barauna, Rio Grande do Norte State), InterCe-
ment (located in Bahia State), and Cimenteira APODI (lo-
cated in Ceard State) for energy generation in their respec-
tive industries.

In some states, waste transportation and disposal were
carried out by the state itself (through the state environ-
mental agency or city halls), while in other locations PETRO-
BRAS was responsible for transporting the waste to cement
industries (Brazilian Navy, 2020). In 2019, Mizu Cimentos
received approximately 60.3 tons of contaminated material
collected fromthe beaches of Northeast Brazil (Mizu, 2025).
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TABLE 2: Amount of waste collected by state after the oil spill on the Brazilian coast in 2019. Source: based on data from IBAMA (2022).

State Waste Collected by Petrobras

Waste Collected by Local Authorities

Total Amount Collected

(tons) (tons) (tons)
Alagoas (AL) 16.09 2548.49 2,564.58
Bahia (BA) 95.03 364.46 459.49
Ceara (CE) 0.00 39.76 39.76
Espirito Santo (ES) 0.00 6.26 6.26
Maranh&o (MA) 0.01 13.68 13.69
Paraiba (PB) 0.00 0.85 0.85
Pernambuco (PE) 29.84 1,646.42 1,676.26
Piau (PI) 0.00 10.46 10.46
Rio de Janeiro (RJ) 0.00 0.00 0.00
Rio Grande do Norte (RN) 12.16 33.83 35.18
Sergipe (SE) 356.19 213.16 569.35
Offshore 1.00 2.88 3.88
TOTAL 510.32 4,880.25 5,379.76

It is possible to verify that, even after all the challeng-
es related to storage and logistics costs, most of the oil
collected (as shown in Figure 3) on beaches in Northeast-
ern Brazil was reused energetically as an alternative fuel in
co-processing industries, instead of being disposed of in
landfills without any prior treatment.

The growth in waste generation and its final dispos-
al are major challenges for Brazilian cities. According to
estimates, more than 81.6 million tons of municipal solid
waste (MSW) were generated in 2024 (ABREMA, 2025). In
a scenario of significant final disposal rates, energy recov-
ery methods have emerged as an important and appropri-
ate environmental solution for final disposal. Federal Law
No. 12,305 (BRASIL, 2010), established the National Solid
Waste Policy, which implemented energy recovery from

solid waste in the country; according to its legal criteria,
disposal should be considered only after all possibilities for
use, reuse, and treatment of waste have been exhausted.

Since then, waste has been considered material with
potential for recovery and/or reuse. Although there are
legal instruments aimed at waste recovery and reuse ac-
tivities, little progress has been made in the country. As a
result, the reuse of oily waste collected after the 2019 spill
in co-processing activities in cement industries has proven
to be highly relevant, as it reuses a large amount of waste
instead of simply disposing of it in landfills.

Although it is still unclear from an environmental per-
spective to quantify emissions, changes in carbon foot-
print, and the possible effects of replacing petroleum coke
with pre-processed waste in co-processing, the technolo-

TABLE 3: Quantity and destination of oil collected on beaches in Northeast Brazil after the 2019 environmental disaster. Source: based

on data from IBAMA (2022).

Estimated Oil Col- Estimated Oil

Total Amount of

Temporary

State lected by Petrobras  Collected by Local Oil Collected Transportation Destination
. Storage
(tons) Agencies (tons) (tons)
Petrobras Waste :/aontz ri?:stlzglli_)a;n d
Alagoas 16.09 2,548.49 2,564.58 Management Center : Petrobras njeira .
in Carmépolis (SE) Mlzu’C|mentos n
Barauna (RN)
Petrobras Waste
Management Center Cimenteira InterCe-
Bahia 95.03 364.46 459.49 in Carmépolis State ment and CTR-Bahia
(SE); CETREL (in
Camagari)
Ceara 0.00 39.76 39.76 - State fc”g)eme"a APODI
S3do Luiz da Barra, Class | Landfill Site
Espirito Santo : 0.00 6.26 6.26 Linhares and Séao State operated by Vitéria
Mateus - ES Ambiental
IBAMA (MA), Tutbia, Class | Waste
Port Authority in Management Center
Maranh&o 0.01 13.68 13.69 S3do Luiz, and Waste : State and Petrobras : of Tiara and Voto-
Management Center rantim Cimentos in
in Parnaiba (PI) Sobral (CE)
Class | Metropolitan
Paraiba 0.00 0.85 0.85 Cabedelo State Landfill in Jodo
Pessoa
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FIGURE 3: Cleanup carried out by volunteers: (a) Paiva Beach (located in the city of Recife). Source: Oton Veiga/TV Globo, 2019; (b) Itapua-
ma Beach (located at Pernambuco State). Source: Sidney Vieira/Aradjo et al, 2020.

gy for reusing oil waste to produce energy in cement in-
dustries was applied as an alternative final destination for
waste after the oil spill.

Co-processing is an activity that reuses waste of high
calorific value and biomass as alternative fuel in cement
kilns. The process proposes the replacement, although
partial, of fossil fuels (such as coal and petroleum coke)
in clinker production kilns — the main raw material and re-
sponsible for CO, emissions in cement production.

Co-processing is licensed in Brazil by the National Envi-
ronment Council under Resolution No. 499 (BRAZIL, 2020),
with the following definition: “Co-processing of waste in
clinker production kilns: environmentally appropriate final
destination involving the processing of solid waste as a
partial substitute for raw materials and/or fuel in the clink-
er production kiln system in cement manufacturing”.

The waste mixture is uniform in size and has a high
calorific value — generally 18 megajoules per kilogram —
recovered after collection, sorting, and treatment (BNDES,
2014). It is estimated that in Brazil, alternative fuels ac-
count for 32% of thermal substitution in relation to tradi-
tional fossil fuels (such as coal and petroleum coke) in
co-processing, with an annual processing of 3,258 million
tons of waste in the country (ABCP, 2024).

A simple order-of-magnitude estimate of the potential
energy recovery from the oily waste was performed using
typical calorific values reported in the literature. Since, ap-
proximately 5,379.76 tons of waste were collected after the
spill, of which about 30% corresponded to oil-contaminated
material, it results in an estimated 1,614 tons of oily waste.

M,,=0.30x5379.76 t ~ 1,614t ~ 1.6x106 kg

where: M_, = mass of oily waste; 1t = 1000 kg

Also, assuming a typical lower heating value of 18 MJ
kg for waste used in cement kiln co-processing, the theo-
retical energy recovery potential is approximately 2.9 x 107
MJ, equivalent to about 29,000 GJ (= 8,05 GWh) of thermal
energy. This simplified estimate illustrates the significant
energetic potential of the recovered oily waste when used
as an alternative fuel.

E=M_x LHV = 1.6x106 [kg]x18 [M]] [kg™] ~ 2.9x107 MJ
E ~ 2.9x107 MJ ~ 29,000 GJ ~ 8,05 GWh

where: E = thermal energy; LHV = lower heating value

High calorific value waste can be used for co-process-
ing purposes due to the absence of harmful effects on
emissions in an industrial facility, the clinker production
process, and the final product quality (FRICKE et al., 2015).
The residence time in the kilns is usually from 2 to 4 sec-
onds, during which the waste is completely destroyed. One
of the biggest problems faced by the cement industry is the
large amount of CO, emissions related to the calcination of
raw materials for clinker production, and therefore co-pro-
cessing has shown to be an alternative technological strat-
egy to reduce such emissions.

In this way, the reuse of oil collected on the Brazilian
coast after the accident in co-processing activities, when
possible, was a final destination solution found by the au-
thorities at the time, instead of disposal in landfills. Based
on available official data, co-processing was the main des-
tination; however, a more in-depth assessment of environ-
mental performance is needed.

Smoldering (slow combustion) is a flameless combus-
tion process that has been used to treat oily waste, which
is used as fuel and has a heat source used to initiate the
reaction, since the combustion is sustained by an air distri-
bution (Sabadell et al., 2018). However, it should be noted
that the application of smoldering combustion is a relative-
ly recent technology for waste treatment (Yerman, 2016).

Regarding the political implications related to the 2019
oil spill on the Brazilian coast, we can highlight that: emer-
gency waste management protocols should include pre-
defined industrial reuse pathways; transparency of waste
destination data must be institutionalized; and co-process-
ing can function as a contingency waste management
mechanism in large-scale spills.

4. CONCLUSIONS

The oil spill on the coast of Northeast Brazil in 2019,
known as the largest in the country’s history and one of
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the world’s biggest environmental disasters, had several
impacts on the local population and damaged biodiversity,
affecting protected and sensitive environmental areas, as
well as damaging artisanal fishing and the livelihoods of
thousands of families.

Atotal of 5,379.76 tons of waste were collected, mainly
by volunteer citizens, most of which were sent to cement
industries, where they were reused as an alternative fuel
for energy generation in clinker production kilns in co-pro-
cessing activity.

In a scenario of significant waste disposal rates in Bra-
zil, energy recovery methods have emerged as an impor-
tant and appropriate environmental solution. In this way,
co-processing was the alternative found by the authorities
at the time, instead of the large amount of oily waste dis-
posed of in landfills.

However, other strategies for collecting and utilizing oily
waste (such as smoldering) resulting from environmental
accidents should be identified and included in government
protocols so that other alternatives can be adopted, espe-
cially those that involve a reduction in CO, emissions and
do not compromise ecosystem services, the maintenance
of life, and health.
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posal and recycling, such as plastics in all types of wastes, and metallic nanopar-
ticles from urban and sanitary wastewater, representing both emerging pollutants
with a broad range of human health impacts. Although general environmental risks
associated with waste mismanagement are well recognized, significant knowledge
gaps persist regarding the specific human health impacts linked to emerging particu-
late pollutants. In particular, microplastics and metallic nanoparticles represent crit-
ical contaminants of growing concern due to their persistence, mobility, and broad
toxicological profiles. This narrative review synthesizes the current scientific under-
standing of microplastic and metallic nanoparticle pollution, particularly through
urban and sanitary wastewater, their toxicological profiles, and the limitations of
current recycling and circular economy strategies in addressing these issues. It ex-
amines the environmental occurrence, release pathways, and health effects of these
particles, highlighting how improper waste disposal, recycling processes, and waste-
water treatment inefficiencies contribute to their dispersion. The findings highlight
the need for innovative waste treatment technologies and a more comprehensive
approach to risk assessment, particularly within life cycle assessments (LCA). Over-
all, the review underscores the urgency of integrating particle-specific metrics into
monitoring frameworks and LCA methodologies to better protect environmental and
human health.

1. INTRODUCTION

Over the past two centuries, humanity's relationship
with waste has undergone a radical transformation. With
the Industrial Revolution and the urban expansion of the
19th century, waste production began to grow far beyond
the capacity of communities to dispose of it sustainably. In
the 20th century, the introduction of plastics and synthetic
materials further worsened the situation, marking the shift
from predominantly organic and biodegradable waste to
durable and persistent waste (Alanalp et al., 2026). Global-

ly, waste management has become one of the most urgent
environmental challenges, particularly in rapidly develop-
ing countries where infrastructure struggles to keep pace
with demographic and industrial growth. Despite regula-
tory efforts introduced in many nations since the 1970s,
the amount of waste continues to increase, along with the
associated risks to the environment and human health (Ye
etal., 2014).

The improper waste management, recycling, and dis-
charge of wastes in the environment contribute to the en-
vironmental health impacts at the water, soil, and air levels,
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but with evidence of human health negative effects (Rap-
hela et al., 2024).

Just in Japan, the World Bank has forecasted a rise of
1.3 - 2.2 billion tonnes of waste generated yearly by 2025,
highlighting that 50% of waste will be collected, and inef-
ficient management service will leave the area polluted,
while the rest of the uncollected waste will be discarded
(UN Environment, 2017).

Globally, the problem concerns not only the quantity but
also the nature of waste. In recent years, the issue of invis-
ible waste, such as microplastics, has emerged strongly.
These originate from a variety of sources, including syn-
thetic clothing, cosmetics, and the degradation of plastic
materials. The lack of sufficiently advanced and effective
water and wastewater treatment technologies has facili-
tated the spread of these micro- and nanoparticles in the
environment (Cristaldi et al.,2020).

As by-products of both improper waste management
and the current absence of efficient water treatment tech-
nologies, the large releases in environment of microfibers
and microparticles are recognized as a physical risk and
concern. Between the last, micro- and nanoplastic particles
and nanometallic particles represent the last emergent pol-
lutants, discovered in all environments and already affect-
ing the food chain with several concerns for human health
(Garrido Gamarro & Costanzo, 2022).

Considering this evidence, it becomes urgent to adopt
more sustainable and integrated approaches to waste
management, which should include not only efficient col-
lection and recycling, but also source prevention, techno-
logical innovation, and greater social awareness of the is-
sue (Figure 1).

2. METHODOLOGY OF REVIEW

The methodology of this review involved a narrativeand
structured search of the scientific literature to capture the
most recent and relevant studies related to microplastics,

metallic nanoparticles, wastewater contamination, toxicity,
and circular economy approaches. We searched multiple
authoritative databases, including PubMed, Scopus, and
Web of Science, covering publications from January 2010
to January 2026 to include contemporary research and
emerging trends. The search strategy combined keywords

" o«

such as “Waste management”, “emergent pollutants”, “Mi-
croplastics”, “Metallic Nanoparticles”, “Risk assessment”,
“Health impacts”, and “Prevention”, using Boolean opera-
tors to refine the results.

We focused on original articles published in English
that addressed the environmental occurrence, fate, trans-
port, and toxicological effects of micro- and nanoparticles,
as well as studies describing advances in wastewater
treatment technologies and waste management practices
relevant to these contaminants. Additionally, papers dis-
cussing circular economy strategies and policies for mit-
igating waste and emerging pollutants were included. The
review encompassed a broad range of study types, includ-
ing observational and experimental research, in vitro and in
vivo toxicity assessments, modeling studies, and compre-
hensive review articles.

To ensure the quality and relevance of the included liter-
ature, we excluded non-peer-reviewed publications such as
conference abstracts, theses, and non-scientific reports, as
well as studies that focused exclusively on macroplastics
without addressing micro- or nanoparticles. Publications
outside the 2010-2024 timeframe were generally excluded,
except for seminal or highly cited works considered essen-
tial for contextual understanding.

3. MICROPLASTICS RELEASED BY IMPRO-
PER WASTE MANAGEMENT OR RECYCLING

Microplastics released due to improper waste manage-
ment or recycling represent one of the main contemporary
environmental issues.

From correct waste management to health protection:
a focus on nanotoxics.

Background

Poor waste
management leads
to pollution and
health risks

Microplastics and Metallic Nanoparticles

Emerging pollutants from m
plastics, metallic nanoparticles w
and wastewater damage organs (ROPLAg,
and trigger oxidative stress Ll B

3

Circular Economy Challenges

Recycling and
compostable plastics
reduce fossil fuel use
but may release more
harmful substances

Recommendations

Future efforts should focus on
green material design, circular
economy strategies, stricter
regulations, public awareness,
and innovative technologies to
monitor and remove pollutants
from waste

FIGURE 1: Emerging pollutants and health risks in circular waste management.
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Plastics are acknowledged as emergent persistent pol-
lutants that are capable (non-biodegradable) of causing
contamination for extended periods in all environmental
matrices. The plastic polymers produce small fragments or
particles through crushing, splitting, and degrading during
use. Microplastics refer to plastic fragments and particles
with a diameter of less than 5 mm. They are called nano-
plastics when the diameter is less than 1 pm (Oliveri Conti
et al., 2024). Microplastics (primary microplastics) are also
voluntarily produced and added to personal care products
such as facial cleansers and cosmetics, hence contribut-
ing to wastewater in output effluents rich in microplastics.

According to the United Nations Environment Pro-
gramme (UNEP, 2024), an estimated 19-23 million tonnes
of plastic waste are dumped into aquatic ecosystems each
year, contaminating lakes, rivers, and seas. In recent dec-
ades, numerous studies have documented a progressive
increase in the presence of microplastics in the environ-
ment. For instance, Lebreton et al. (2017) highlighted how
rivers are releasing increasing amounts of plastic into the
oceans, reflecting a rise in global plastic production and in-
effective waste management (Lebreton et al., 2017). In ma-
rine contexts, research by Cézar et al. (2014) in the Pacific
Ocean documented a consistent increase in microplastic
concentrations, demonstrating that plastic dispersion in
the oceans is a continuously growing phenomenon (Cézar
et al., 2014). Even in more sensitive environments, such
as the Persian Gulf, increasing microplastic concentra-
tions have been observed, as shown by Kor K & Mehdinia
A., 2019, confirming the global spread of this issue (Kor K
& Mehdinia A., 2019). A review by Eerkes-Medrano et al.
(2019) highlighted that freshwater systems are also ex-
periencing a significant increase in microplastic presence
(Eerkes-Medrano et al., 2019), and a recent study further
supports this alarming trend, documenting the widespread
presence of microplastics across various freshwater
compartments, including water columns, sediments, and
aquatic biota (Ashamo et al., 2026), indicating that plastic
pollution is pervasive across both marine and freshwater
ecosystems. Similarly, studies on atmospheric microplas-
tic pollution have shown a significant rise in the deposition
of synthetic fibers in the air, suggesting that microplastic
contamination affects not only aquatic but also terrestri-
al environments (Dris et al., 2016). Taken together, these
findings illustrate a multi-compartment dispersion of mi-
croplastics across water, air, and sediments.

This dispersion not only alters natural habitats but also
undermines the ability of ecosystems to adapt to climate
change, directly and indirectly contributing to global warm-
ing and, consequently, affecting the health of millions of
people (Oliveri Conti et al., 2024).

The exposure to microplastics induces a variety of tox-
ic effects, including oxidative stress, metabolic disorder,
immune response, neurotoxicity, as well as reproductive
and developmental toxicity (Pulvirenti et al., 2022).

Several studies showed the presence of microplastics
and nanoplastics in the brain, kidney, lung, liver, blood, heart,
etc. The exposure is due to inhalation, dermal absorption,
and ingestion. Also, due to the surface energy caused by
their small size, microplastics may act as the vector ad-

sorbing other environmental pollutants, especially heavy
metals and hydrophobic organic chemicals (HOCs), which
may enhance their toxicity (Xiang et al, 2022).

According to the last studies, several foods are already
contaminatedby environmental microplastics, including
marine and terrestrial food sources, as well as drinking
waters (Garrido Gamarro & Costanzo, 2022; Ferrante et al.,
2022; Oliveri Conti et al., 2020).

In this context, the first results from the Italian PRIN-PN-
RR project AQUApLASt (P2022XE857 — Tap wAter QUality
and microplAstics. Countering an ecolLogical threAt with
an evidence-baSed approach) assessed microplastic con-
tamination in drinking waters of Catania and Sassari, repre-
senting two major urban centers of southern Italy’s largest
islands. The study revealed microplastics (<10 um) in tap
water at a mean concentration of 4.85 x 10° particles/L in
Catania (95% Cl: 2.04 x 107- 8.44 x 107; mean diameter:
3.2 ym), and 6.54 x 10° particles/L in Sardinia (95% Cl: 8.16
x 10°- 6.54 x 10% mean diameter: 1.8 um). Although these
levels are lower than those reported in bottled mineral
water (3.16 x 107 particles/L; Zuccarello et al., 2018), the
findings raise concerns regarding chronic exposure from
tap water sources, especially when superficial waters are
used, despite undergoing more advanced treatments than
deep-water sources. Notably, particles <2 ym are consid-
ered the most hazardous due to their heightened toxicolog-
ical potential (Oliveri Conti et al., 2024).

The recycling of plastic waste is not the cure. In fact,
the toxicity of methanolic extracts obtained from com-
postable plastics (BPs) and conventional plastics (both
virgin and recycled) showed an elevated toxicity of recy-
cled plastics, compostable plastics, and semi-degraded
compostable plastics resulting from partial disintegration,
as compared to virgin conventional plastic extracts (Wang
et al,, 2023). The potential hazards that arise from the re-
cycling processes of plastics derive from previous use and
the recycling process itself, and from the release of the
highest number of microplastics.

Despite the current and innovative technologies to
recycle plastic waste, non-recoverable nanoplastics and
microplastics cannot easily catch up with existing reclaim
or treatment technologies due to their exceptionally small
size. Further, the size reduction and washing during me-
chanical recycling facilities cause the release of a signifi-
cant quantity of microplastics into the environment, reach-
ing water or air as microplastics from recycling facilities.
A study on PET recycling facilities reveals microplastic re-
leases range from approximately 23-1836 mg/L in waste-
water, distributed in the effluent (8-83 mg/L) and the sludge
(52,166-68,866 mg/L) of the facility (Singh & Walker, 2024).

4. METALLIC NANOPARTICLES RELEASED
BY IMPROPER WASTE MANAGEMENT

Metallic nanoparticles are nanomaterials constituted
only by one element, such as Au, Ag, Pt, Cu, Ti, Pd, Re, Zn, Ru,
Co, Cd, Al, Ni, and Fe. Metallic nanoparticles have remarka-
ble properties, including surface plasmon resonance, high
reactivity, and broad electromagnetic spectrum absorp-
tion. Currently, metallic nanoparticles are applied in several
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areas, including electronics, textiles, industry, healthcare,
biomedicine, environment, agriculture, and food. Metallic
nanoparticles, also, are also used for several applications
due to their catalytic, antimicrobial, and finally, cancer and
viral therapy characteristics.

Given their widespread use and unique physicochem-
ical properties, their release into the environment has be-
come increasingly relevant.

Increasing amounts of engineered nanoparticles in
wastewater can reach the aquatic environment by passing
through sewage treatment plants.

So, metallic nanoparticles were components of sani-
tary and urban wastewaters that contribute through waste-
water facilities’ output effluents and sewage sludge to
discharge these in the environment, reaching the human
organs through diet and dermal absorption (Shahalaei et
al., 2024; Cervantes-Avilés & Keller, 2021).

These pathways highlight how both domestic and in-
dustrial activities contribute to the continuous introduction
of metallic nanoparticles into natural systems.

Unlike traditional dissolved heavy metals, engineered
metallic nanoparticles exhibit greater mobility and en-
hanced ability to penetrate cellular membranes due to their
nanoscale size and unique surface properties (McGinnity
TL et al,, 2021). This increased bioavailability allows them
to interact more readily with biological tissues, influencing
their environmental and biological behavior.

Moreover, their persistence in the environment is often
greater than that of conventional pollutants, as they can
resist degradation and accumulate in sediments and or-
ganisms (Zhao et al.,, 2021).

Fe or Zn particles holds good potential to act as re-
ducing agents relative to many redox-labile contaminants,
and these has been successfully applied in the removal of
a large range of wastewater and drinking water contami-
nants, including halogenated organic compounds, organ-
ic dyes, phenols, heavy metals, inorganic anions such as
phosphates and nitrates, metalloids, and radio elements
(Lu et al.2015).

Their reactivity, while beneficial in engineered applica-
tions, also influences their environmental behavior and in-
teractions with pollutants.

In comparison to microplastics, which primarily act as
physical carriers of pollutants and can cause mechanical
harm to aquatic life, metallic nanoparticles pose chemical
toxicity risks through the release of reactive metal ions and
the generation of oxidative stress within cells. Pesticides,
while biologically active, usually degrade over time or can
be broken down by microbial action; metallic nanoparti-
cles, however, can remain stable and continue to exert tox-
ic effects long after their initial release.

Metallic nanoparticles challenge conventional waste-
water treatment processes. Unlike dissolved metals, which
can be precipitated or adsorbed by standard treatments,
nanoparticles often pass through filtration and sedimenta-
tion systems due to their small size and colloidal behav-
ior. This unpredictability complicates risk assessment and
calls for the development of advanced treatment technol-
ogies specifically targeting nanoparticle removal (Azeez et
al., 2023).

As a result, significant fractions of these particles can
bypass treatment barriers and enter natural waters.

Metallic nanoparticles can induce ecotoxicological ef-
fects due to their specific chemical properties, reaching
through the water and food chain to the human body, exert-
ing several health effects.

Therefore, metallic nanoparticles can be translocated
through the circulatory, lymphatic, and nervous systems to
many tissues and organs, including the brain and placenta.
Toxic effects encompass tissue inflammation and alter cel-
lular redox balance toward oxidation, leading to abnormal
function, DNA mutation, or cell death (Medici et al., 2021).

These biological interactions underscore the potential
for both acute and chronic health impacts.

Among the emerging technologies for the removal of
metallic nanoparticles from wastewater, nanoporous ma-
terials and selective membranes are showing promising
results. These advanced filtration systems are designed
to capture particles at the nanometer scale through size
exclusion and specific surface interactions. Functionalized
bioadsorbents, engineered to bind selectively to metal na-
noparticles, offer an eco-friendly alternative by enhancing
the efficiency of contaminant removal without generating
secondary pollution (Nguyen et al., 2023) (Figure 2).

Moreover, bioremediation approaches using selected
microorganisms are gaining attention as sustainable solu-
tions. Certain bacteria and fungi have demonstrated the
ability to adsorb, transform, or even degrade metallic na-
noparticles, reducing their toxicity and mobility. These bi-
ological treatments could be integrated with conventional
methods to improve overall removal rates and mitigate en-
vironmental release, paving the way for greener and more
cost-effective wastewater management strategies (Alavi
etal., 2022).

Together, these technologies provide additional ap-
proaches that may help address some of the limitations of
conventional treatment systems.

5. LIFE CYCLE ASSESSMENT LIMITATIONS
IN EVALUATING PARTICULATE POLLUTANTS
FROM WASTE MANAGEMENT

Life Cycle Assessment (LCA) is a widely adopted meth-
odology for evaluating the environmental impacts associ-
ated with products and processes across their entire life
cycle, from raw material extraction to end-of-life manage-
ment. Although LCA is a powerful decision-support tool,
its application to contaminants such as microplastics
and metallic nanoparticles remains limited by substantial
methodological gaps (Nizam et al., 2021). Current LCA
frameworks are primarily designed to quantify mass flows,
emissions, and resource use, but they struggle to incorpo-
rate particulate pollutants whose release is diffuse, non-lin-
ear, and strongly dependent on mechanical, chemical, and
biological transformations occurring along the waste man-
agement chain (Salieri et al., 2018). Moreover, the absence
of standardized characterization factors for particle-spe-
cific impacts, such as persistence, bioaccumulation, and
ecotoxicity, prevents a comprehensive assessment of
their environmental burden. A notable limitation in several
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FIGURE 2: Pathways for removing metallic nanoparticles.

standard LCA methodologies lies in omitting the long-term
fate of chemicals and particulates released during waste
treatment and recycling processes (Singh et al., 2024).

In the case of microplastics, most LCAs of plastic recy-
cling processes do not account for the generation of sec-
ondary micro- and nanoplastics during mechanical treat-
ments such as shredding, washing, and extrusion (Rafiq et
al., 2023). Plastic recycling shows both positive and nega-
tive aspects: while it significantly reduces fossil fuel utiliza-
tion, power consumption, and landfilling, the size reduction
and washing steps in mechanical recycling facilities cause
the release of substantial quantities of microplastics into
wastewater and air. As a result, the environmental bene-
fits attributed to recycling may be overestimated, since the
release of microplastics into wastewater streams or air
emissions is rarely quantified or included in impact catego-
ries (Gandhi et al., 2021). The omission of short-term LCA
studies in disregarding the consequences of chemical and
particulate releases raises concerns about the overall effi-

cacy of plastics recycling as a solution to plastic pollution
(Table 1).

For metallic nanoparticles, the main limitation lies in
the lack of LCA studies addressing their accumulation and
fate in wastewater sludge destined for agricultural reuse or
energy recovery. Despite the increasing evidence of nano-
particle accumulation in sludge, the absence of short-term
LCA studies evaluating their concentrations in wastewater
and biosolids raises concerns about the overall efficacy
of sludge recycling as a sustainable waste management
strategy. Unlike plastic recycling, where the concern is the
mechanical fragmentation of polymers, the critical issue
for metallic nanoparticles is their persistence in biosolids
and their potential mobilization during sludge application
to soils (Kim et I,, 2010).

Overall, the current LCA framework is not yet equipped
to fully capture the environmental implications of partic-
ulate contaminants generated or mobilized during waste
management processes (Bisinella et al., 2024). Developing
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TABLE 1: Plastic recycling, alternatives, and the circular economy each offer unique benefits and challenges in reducing plastic pollution.

Main Features

Advantages

Disadvantages

Plastic Recycling Processing used plastic into new

materials.

Reduces waste and pollution
Saves energy and raw materials

* Not all plastics are recyclable
* Costly and energy-intensive -

Downcycling issues

Plastic Alternatives (Biodegradable,
Compostable, Bio-based, Reusable)

Use of biodegradable, compostable,
or plant-based plastics.

Break down faster in specific con-
ditions
Useful for short-term use (bags,
cutlery)

Often requires industrial compo-
sting

May compete with food produc-
tion

Not marine-safe

Circular Economy

A system focused on reuse, repair,
recycling, and sustainable product
design.

Reduces overall waste
Encourages innovation and dura-
bility

Requires systemic change
Initial implementation can be
complex and costly

Less resource extraction

particle-specific inventory data, fate models, and charac-
terization factors is essential to avoid underestimating the
impacts of recycling strategies and to support more in-
formed decisions in circular economy policies.

6. CONCLUSIONS

The widespread use of plastic and metallic nanomate-
rials has led to an increase in environmental exposure af-
fecting human health. The alarming consequences of this
rapid rise have begun to emerge.

Nanomaterials, often not classified as true pollutants,
can be transported into the environment through water,
accumulate in soil, and eventually enter the food chain. It
is well known that nanotoxics generate oxidative stress in
cells as a response to the reactive oxygen species and in-
duce toxicity through inflammation.

Considering this, urgent measures must be taken to re-
duce the use and release of both microplastics and metal-
lic nanoparticles into the environment. The emergence of
new nano-pollutants poses a growing and tangible threat to
public health and ecosystem stability. Although the circular
economy offers a promising framework for sustainable re-
source management, it is currently insufficient to effective-
ly prevent contamination by nanoscale pollutants. Due to
their persistence and often invisible nature, these particles
require targeted technological solutions that can safely
and definitively remove them (Selim et al., 2025). Advanced
technologies such as pyrolysis for plastics and specialized
filtration systems for nanoparticles must be developed and
implemented on an industrial scale. Moreover, LCA stud-
ies should systematically account for the environmental
impact caused by pollutant release during waste recycling
processes, in order to provide a more realistic and trans-
parent evaluation of environmental balances.

Ultimately, addressing the issue of nano-pollutants de-
mands an integrated approach that combines technolog-
ical innovation, regulatory updates, social responsibility,
and public awareness. Only through collective effort can
we harness the benefits of nanotechnology while truly
safeguarding human and environmental health.
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April issue of M&A - Fachzeitschrift fir Kreislauf- und Res-
sourcenwirtschaft. Solely the introduction was updated for
this English version for the conference proceedings of the
Sardinia 2025 Symposium (Nelles et al., 2025).

1. INTRODUCTION

Against the backdrop of current wars and other violent
conflicts, climate and environmental issues appear less
important in the public eye.

Nevertheless, it is not a new insight that we are to
change our utilization of raw materials into sustainable
consumption on long term. Earth overshoot day in 2025
was July 24th, when globally more resources are con-
sumed as therse could be regenerated.

The share of renewable energies in Germany’s energy
system is around 20% (Umweltbundesamt, 2024), and the
circularity rate (CMU), i.e. the proportion of waste and re-
sidual materials generated in production processes, is only
around 14% (Eurostat, 2024).

International comparison shows that Germany remains
one of the leading countries in waste management and re-
cycling, and makes a significant contribution to resource
and climate protection. For example, waste management
has been the most successful sector in reducing CO, emis-

sions since 1990. In addition, other positive effects are not
attributed to waste management, but to the energy industry
or other sectors to which the waste management industry
supplies secondary fuels and resources.

Over the past years, the German government has cre-
ated a so-called ‘intergenerational climate contract’ (Bun-
des-Klimaschutzgesetz vom 12. Dezember 2019) with
several amendments to the Climate Protection Act (Bun-
desregierung, 2022). This aims to reduce German green-
house gas emissions by at least 65% by 2030 and by 88%
by 2040, compared to 1990 levels. From 2045, the Feder-
al Republic of Germany is to become climate-neutral, i.e.
there should be a balance between greenhouse gas emis-
sions and sequestration. After 2050, the German govern-
ment aims to achieve negative emissions by naturally se-
questering more greenhouse gases than are emitted. The
new government remains committed to these goals, but
has so far failed to publicly define and implement enough
of the necessary measures (Figure 1).

What is required to achieve climate neutrality in Germa-
ny by 2045 is, to increase further optimised interaction of
wind, solar and geothermal energy, bioenergy, and hydro-
power for electricity, heating/cooling and mobility.

In Parallel, a development from a ‘linear’ economic sys-
tem into a true circular economy is required, where used
materials are further recycled and at last, the energy re-
mainders shall be recovered. And for the supply of raw ma-
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FIGURE 1: Highly simplified representation of future energy supply and (bio-based) circular economy as central building blocks for a cli-

mate-neutral society © DBFZ.

terials to the industry, petroleum-based raw materials shall
be replaced step by step with biobased materials.

Biomass will therefore be the basis of the bioeconomy
and an integral part of a sustainable energy system. This
can only be achieved if biomass is produced sustainably
and used efficiently, in an environmentally friendly man-
ner and with the greatest possible economic benefit. A
sustainable bioeconomy therefore optimises the material
and energy recovery of biogenic waste and residues, as
the current production technologies are optimized for the
conversion of fossil raw materials. This requires new tech-
nological concepts and coupled and cascading use. But
also ‘negative’ emissions that can be generated through
the storage of ‘green’ carbon. Biomass is thus increasingly
coming into focus as an important ‘green’ carbon carrier,
on the one hand to reduce and bind CO, emissions, and on
the other hand, as the carbon carrier for the future bioec-
onomy. This will significantly increase the demand for bio-
mass and the need for sustainable cascade and coupled
use in the future.

As an essential basis for the transformation process
towards a sustainable, circular bio-based economy and so-
ciety, the last German federal government undertook in its
2021 coalition agreement to develop a National Biomass
Strategy (NABIS). The development of NABIS was led by
the Federal Ministry for Economic Affairs and Climate
Action (BMWK), Federal Ministry of Food and Agrculture
(BMEL) and the Federal Ministry for the Environment, Na-
ture Conservation, Nuclear Safety and Consumer Pro-
tection (BMUV), with the original goal of adoption by the
Federal Cabinet by the end of 2023. Against the backdrop
of climate and biodiversity protection and food security,
NABIS aims to steer biomass flows in a targeted manner
so that this valuable resource is used in the best possible

way (Bundesumweltministerium, 2025). Such a long-term
strategy is certainly necessary and helpful in order to make
the best possible use of the limited biomass available in
Germany in terms of materials and energy in the future.

However, it is clear that the transition to the desired
circular bioeconomy can only succeed if the utilisation of
biogenic waste and residual materials is given the priority.
This applies to both material and energy recovery, which are
also the main areas of focus of the cooperation between
the DBFZ and the Chair of Waste and Resource Manage-
ment at the University of Rostock. Against this background,
the potential and current use of biogenic waste and resi-
dues will first be presented below. This will be followed by
an explanation of the current status and necessary devel-
opments in the areas of “waste wood and residual wood”,
“biogas technology”, “biofuels and biorefineries” and “neg-
ative emissions”.

2. POTENTIAL AND USE OF BIOGENIC WA-
STE AND RESIDUES IN GERMANY

In order to take into account, the availability of biogenic
resources as a decisive factor in assessing the opportu-
nities and risks of existing and potential uses, the DBFZ
develops raw material monitoring systems for various geo-
graphical regions, implements them and makes them avail-
able in standardised formats.

Currently, 77 different biogenic residues from numer-
ous sectors are considered. All results, including documen-
tation, are available for individual data analysis in an online
database in the DE Biomassemonitor, which can be ac-
cessed at https://datalab.dbfz.de. The database includes
by-products from agriculture and forestry, municipal waste,
sewage sludge, industrial residues and residues from other
areas. On this basis, the German theoretical potential (bi-

M. Nelles et al. / DETRITUS / Volume 34 - March 2026 / pages 118-129 119



ophysical maximum) ranges from 185.2 to 232.2 million
tonnes of dry matter (tDM) in 2020. The annual technical
biomass potential, which is defined as the potential that
includes futher limiting restrictions of technical, structur-
al and legal nature (Brosowski et al., 2019), amounts to
around 91.7 to 128.9 million tonnes of dry matter (tDM) in
2020 in Germany (Wilske et al., 2025) (Naegeli de Torres
et al., 2024). Between 68 and 83% is already being used
for material and/or energy purposes. The DBFZ assumes
that, in addition to optimising existing use, a further 15.7 to
41.8 million tonnes DM can be mobilised for further appli-
cations. A material flow aggregation of the annual biogenic
waste and residues is shown in Figure 2 for 2020 and the
average values of the ranges described above. Regarding
the overall average theoretical biomass potential of 208.7
million tonnes DM, the largest contribution sectors are
agricultural by-products (77.6 million tonnes DM), forest-
ry by-products (74.4 million tonnes DM), municipal waste
and sewage sludge (34.1 million tonnes DM), followed by
industrial residues (15.4 million tonnes DM) and residues
from other areas (7.2 million tonnes DM). Including the
further above outlined restrictions regarding the technical
potential, the order of the largest sectors changes, munic-
ipal waste and sewage sludge now contributing 33.8 mil-
lion tonnes DM, forestry by-products 30.2 million tonnes
DM and agricultural by-products 27.2 million tonnes DM.
Finally, industrial residues and residues from other areas
provide 15.3 and 3.8 million tonnes DM respectively.

It should be noted that the quantities are given as dry
matter (DM). This means that the quantities actually avail-
able for recycling are significantly higher. For example, in
animal husbandry in Germany alone, an average of 17.6
million tonnes DM per year are produced in the form of cat-
tle and pig solid manure, cattle and pig slurry, dry chicken
manure, etc., whereby the wet mass (WM) is much high-

BIOGENIC RESIDUES IN GERMANY

AVERAGE VALUES

Year 2020 THEORETICAL

Unit Million t dm BIOMASS POTENTIAL
Individual biomasses 77 208.7

AGRICULTURAL ‘
BY-PRODUCTS

er (up to a factor of 7) depending on the DM content of
the respective animal excrement. Low dry matter contents
(e.g. 4-8% in pig slurry) pose particular challenges for the
exploitation of still available feedstocks due to their low
transportability (Krause et al., 2020).

Biogenic waste and residues comprise a very broad
spectrum of different material flows, and resource man-
agement is already being implemented in a highly differ-
entiated manner, especially outside waste legislation. The
very large quantities of biogenic residues mentioned above,
which are already collected separately from municipal
waste generated from private households and businesses,
are recycled in a variety of ways. For example, there are
highly differentiated recycling processes for slaughter-
house waste, which end up in the pharmaceutical, feed and
food industries and contribute to the substitution of so-
called primary raw materials. Large quantities also arise in
agriculture and fisheries and in their processing stages of
the value chain. Production residues from the food industry
are also reused in a similar way for animal feed production
or as a basis for further production processes.

Especially if material flows cannot be used in appli-
cations with higher economic and environmental added
value (e.g. material use), they can be used either for ther-
mochemical, biological or mechanical conversion into
biogas, solid or liquid biofuels, electricity or heat (cas-
cading principle REDIII) (EU, 2023). In order to mobilise
additional potentials for those applications, municipal bi-
owaste from households, gardens and parks account with
a technical potential of around 14 million tonnes of dry
matter (average) for a significant but by no means dom-
inant proportion of total biogenic waste and residues.
They are of particular importance within municipal waste,
both for sanitation and for meeting specific recycling and
recovery targets.
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FIGURE 2: Aggregated material flow of biogenic residues, by-products and waste as average values in millions of tonnes of dry matter
(Million tDM). Source: DBFZ resource database, https://datalab.dbfz.de. © (Wilske et al., 2025, p.18).
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Other individual biogenic wastes and residues relevant
in terms of quantity are shown in Figure 3. In 2020, the total
technical biomass potential mainly consists of 15 types of
biomasses, which together account for 93.7 million tonnes
of dry matter (DM) or 85% of the total technical potential of
biogenic waste and residues of 110.3 million tonnes DM.
In terms of quantity, waste paper (14.5 million tonnes DM),
green waste (11.2 million tonnes DM) and cereal straw (9.7
million tonnes DM) are particularly noteworthy.

However, in addition to animal excrement, wood-based
residues and by-products are particularly well represented
among the top 15 biomasses. The five biomasses from the
wood and forestry by-products sector, i.e. sawmill by-prod-
ucts and wood shavings, waste wood, coniferous forest
residues, deciduous forest residues and black liquor, ac-
count for a total of 27.9 million tonnes DM or 29% of the
technical potential. However, it should be noted that rele-
vant quantities of this potential are already in use. For ex-
ample, 76% (average) of the five biomasses from the wood
and forestry by-products sector are already being used for
material or energy purposes. Additional mobilisable poten-
tial exists only for forest residues (coniferous and decid-
uous), as sawmill by-products and wood shavings, waste
wood and black liquor are already fully utilised. However,
greater use of forest residues should be examined, particu-
larly in view of future sustainability requirements (e.g. EU
biodiversity and sink targets (LULUCF)), which could limit
the amount that can be extracted in the future, depending
on the location. However, there is also considerable po-
tential for sawmill by-products and wood shavings, waste
wood and black liquor, as these could be used in alternative
pathways. In particular, due to the expiry of EEG subsidies
for waste wood, large quantities (~ 50% of the volume cov-
ered by EEG subsidies) could potentially be used for other

material or energy purposes (Matschoss, 2020). Due to
increasing cascade factors for wood and rising material
use of wood, e.g. through bans on single-use plastics and
by timber construction initiatives, it can be assumed that
the volume of waste wood will continue to rise until 2030
(Mantau, 2023).

3. RECYCLING OF WASTE WOOD AND RESI-
DUAL WOOD

In practice, it is not always easy to distinguish between
primary wood and residual and waste wood. While there is
at least a formal legal classification for waste wood, the
situation is much more complicated for residual wood.
Ultimately, the practical application makes the distinction
by wood fractions (logs) that are processed in a sawmill,
whereby, depending on the processing method, 30 to 50%
of bark, slabs and splinters, offcuts, sawdust and wood
shavings are produced as production residues. In addition,
further wood fractions are produced in the forest and during
landscape maintenance as part of clearing, thinning, timber
harvesting and the partial removal of calamity wood. These
fractions cannot be used in the sawmill industry, but have
so far been mainly used for energy purposes and assigned
to the category of residual wood. Primary wood is mainly
used for energy when sawable wood from the forest is pro-
cessed into firewood for end customers - either privately
or by commercial wood processors. In principle, however,
all the quotas listed here in Germany are characterised by
the fact that there has been no economically advantageous
demand from material use to date. It should be noted that
funding incentives (e.g. the Renewable Energy Sources Act
or investment subsidies for wood-fired heating systems)
can distort the economic situation between material and
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dry matter (Million tDM). Source: DBFZ resource database, https://datalab.dbfz.de © (Wilske et al., 2025, p.20).
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energy use. Conversely, it has also been observed in the
past that without financial incentives for energy use, prices
in the timber sector fall to such an extent when material
and energy use are linked that timber supply is reduced.
Although this would lead to an increase in the amount of
carbon stored in forests in the short term, it would increase
the risk of climate-damaging total loss through forest fires
with high soot emissions in the foreseeable future as a
result of climate change and the resulting delay in forest
conversion.

Until now, residual wood and waste wood have mainly
been used for energy purposes to provide full or base load
heating and, in case of waste wood, to generate electricity
in waste wood power plants within the EEG. The combus-
tion plants are more expensive than gas or oil-fired plants,
both in terms of heat and electricity and in the CHP sector.
It is therefore important to recoup the higher investment
costs by ensuring that the plant is utilised as much as pos-
sible with cheaper wood fuels. Apart from wood pellets
(over 90% of which is wood from wood processing resi-
dues in Germany), bark, wood chips from sawmill by-prod-
ucts or waste wood and black liquor are mainly used in
larger plants (over 100 kWthermal, in some cases signifi-
cantly over 1 MW). In addition, the use of waste wood and
scrap wood for energy purposes has become established
in industry, particularly where these fuels are produced
during the manufacturing process, i.e. in sawmills and the
wood-processing industry, including paper manufacturing.
Due to the demand for electricity and heat for cooking and
drying processes, temperatures required are usually below
200°C. In German speaking countries, wood pellets are
mainly used in the end customer sector for space heating
at a maximum temperature of 90°C. Overall, waste wood
and scrap wood are mainly used for energy in the lower
temperature range, with the result that the available capac-
ities are only sufficient for a limited number of combustion
plants. At the same time, the development of the legally

Residual wood

Landscape Sawmill by-
maintenance/ R Bark
Forest thinning P
Chemical C base
materials Peat
replace-
ment
Pyrolysis heat :
generator with Disposable
biochar production packaging /
tableware

required municipal heating plans shows that many heating
networks rely on significant proportions of wood for defos-
silisation, which in total amounts to much too high wood
consumption for the future in Germany.

In this respect, the use of residual and waste wood
must be re-thought and transformed from a systemic per-
spective.

(1) Material cascades must be extended. Sawdust,
wood shavings and wood chips are suitable raw materials
for chemical base materials, as they are a very homoge-
neous biomass with significantly less than 1% impurities
(mineral ash). Bark can be used as a proven raw material
for peat substitutes (Fachagentur Nachwachsende Rohst-
offe, 2022), as can wood chips from various tree species
with and without treatment in biogas plants (Fachagentur
Nachwachsende Rohstoffe, 2022). For these natural bio-
masses, processing into disposable food packaging and
disposable tableware is also standard. In the area of waste
wood, classes Al (wood without any additions despite very
small ones) to Alll (waste wood with colours, ceilings and
so on including halogen organic ingredients, but without
wood protection poisons) are suitable for the production
of building components which, depending on waste wood
class (occupational health and safety), can be used either
for free distribution to craftsmen or restricted to industri-
al use. Last but not least, there are approaches to further
utilise black liquor for chemical raw materials instead of
directly recycling it thermally (Fraunhofer-Gesellschaft,
2025). Figure 4 provides an overview of these options.

Besides these main utilization pathways there are also
some innovative concepts for reusing wood waste e.g.for
nanocellulose production to be used in advanced materials
(Ghamari, 2025).

(2) Wherever energy use still appears advantageous
for technical or economic reasons, care must be taken
to generate maximum system benefits. This means that
biomass should primarily be used in peak load applica-

Waste wood
Al AllZA TN AV Black liquor
Timber
construction Peak load
panels in heating
if applicable networks
industry standard
Processing chem. raw
fuels materials
heating plants
peak load

FIGURE 4: Development options for innovative utilisation concepts for residual and waste wood. © DBFZ.
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tions in combination with other renewable heat generators
(hybrids, especially with heat pumps) and in high-temper-
ature applications for industrial process heat (Jordan et
al., 2019). Hybrid concepts should be designed in such a
way that the proportions of biomass and electricity (ambi-
ent heat) can be flexibly adjusted depending on the price
situation and the availability of renewable electricity. In
the medium term, options for negative emissions should
be integrated. For example, materials from landscape
management, which are often very heterogeneous and
tend to occur locally in small quantities, could be used in
small-scale pyrolysis plants for heat supply and biochar
production as a future option (Thrén et al., 2025). In addi-
tion to covering any necessary peak heat loads, this would
also produce stable biochar for material applications (e.g.
soil improvers, additives for road construction, concrete,
etc. (RWTH Aachen, 2024) (Vaupel, 2023) (Wollnik et al.,
2023). The use of AlV waste wood (waste wood contam-
inated with wood protection poisons) in waste-fired heat-
ing plants remains interesting, although in future, the focus
here should also be on the storability of the biomass and
combustion to supply heating networks during winter. In
addition, CO, capture (BeCCS) should also be planned for
these rather large plants in the medium term. In this con-
text, use in the cement industry is likely to be particularly
promising, as this industry will not be able to avoid CO,
capture due to processrelated CO, emissions. In addition,
Al and, if necessary, All waste wood (glued and/or paint-
ed wood without halogen organic ingredients), provided it
cannot be used for other purposes, can be processed for
peak load heating plants in local heating networks. Here,
pyrolysis heating plants with simultaneous biochar pro-
duction should also become more relevant in the medium
term. Besides these established thermochemical conver-
sion routes, research worked on process to produce hydro-
gen from wood residues by thermos-catalytic conversion
(Jelschow, 2024).

In a glance, due to legislation in Germany all wood
residues and wastes are already used, either for material
purposes or for energy supply. Up to now, this is oriented
very much on cost efficiency and not on climate efficien-
cy. That means, for a full renewable material and energy
world, limited wood potentials have to be redirected in a
much more climate efficient way, like prolonged material
cascades, energetic uses for peak loads and higher tem-
peratures and combined with negative emission genera-
tion, perfectly.

4. BIOGAS TECHNOLOGY FOR THE UTILISA-
TION OF BIOGENIC WASTE AND RESIDUES

Biogas technology plays an important role in the sus-
tainable utilisation of biogenic waste and residues, par-
ticularly from agriculture and food production (IEA, 2020;
Weinrich & Nelles, 2021). Anaerobic digestion involves the
breakdown of organic materials by microorganisms in the
absence of oxygen. The resulting biogas consists mainly
of methane and carbon dioxide. This technology not only
provides an environmentally friendly source of energy, but
also helps to reduce greenhouse gas emissions associ-

ated with conventional storage and disposal, especially
of agricultural residues (Fachagentur Nachwachsende
Rohstoffe, 2022). To date, energy crops (such as silage
maize) and farm manure (primarily slurry) have been the
main inputs used in biogas plants (Rensberg et al., 2023).
In 2023, the energy-related input of renewable raw mate-
rials was approximately 68% from cultivated biomas and
19% from farm manure. Municipal biowaste accounts for
approximately 4% and other waste materials from industry
and commerce for approximately 9% of energy-related con-
sumption. From 2010 to 2023, the energy-related share of
renewable raw materials has decreased slightly in favour
of farm manure and industrial residues (Figure 5) (Rens-
berg et al., 2023).

The cultivation of energy crops is generally considered
to compete with food production and to have negative en-
vironmental consequences (e.g., land-use competition and
biodiversity trade-offs) (IEA, 2020; Theuerl et al., 2019).
Using biogenic waste and residues as input materials re-
duces these negative effects, and is therefore increasingly
supported by politics and public opinion alike (IEA, 2020).
Residual materials produced in agriculture include manure,
slurry, harvest residues and landscape conservation ma-
terials. However, landscape conservation materials can
have waste characteristics, especially roadside vegeta-
tion, which is decisive for the legal status of a biogas plant
and has an impact on requirements and permits (Bundes-
glitegemeinschaft Kompost e.V., 2014). Slurry and manure
are particularly suitable substrates for biogas production
because they are continuously available and their fermen-
tation reduces emissions of methane, a potent greenhouse
gas (Umweltbundesamt, 2019). Crop residues such as
straw offer further potential but are often underutilised,
mainly due to the high cost of harvesting and pre-treatment.
Physical, chemical or biological pre-treatment processes
can break down the structure of these materials, making
them more accessible to microorganisms (Yu et al., 2019).
This improves both the biogas yield and handling during
the process by improving mixability and reducing layer
formation in the fermenter (Yu et al., 2019). In the case of
straw, there is also competition for material uses such as
bedding in animal husbandry, meaning that, depending on
the region, straw is a very cost-intensive substrate with an
average purchase price of €120/t (top agrar., 2024). This
example shows that biogenic waste and residues can be
very expensive, which contradicts the often-held assump-
tion that they are always cost-neutral. This needs to be ex-
amined on a case-bycase basis.

Waste from food production and the processing indus-
try for agricultural raw materials often has a high energy
content and is therefore well suited for biogas production
(IEA, 2020). This sector generates significant amounts of
biogenic waste and residues, including production waste
or unsaleable products and calmity batches, such as grain
contaminated with mycotoxins. However, residues that pre-
viously had other sales markets but are now disappearing,
such as the use of residues from starch production for pig
fattening, are also of interest. Stagnating livestock num-
bers require new utilisation solutions in this area. Depend-
ing on the starch factory, quantities of residual materials
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FIGURE 5: Energy-related substrate input in German biogas plants. Source: Non-public database: DBFZ operator surveys from 2011, 2016,
2021-2024 (reference value for the previous year). © (Daniel-Gromke et al., 2025, p.55).

ranging from 100,000 to 500,000 tonnes per year (based on
fresh mass) may be available at a single location. The low
dry matter content of approximately 20% poses economic
challenges in terms of logistics. Direct discharge into the
wastewater system without pre-treatment is not possible
due to the high organic load (Umweltbundesamt, 2019).
To add value to wastewater treatment, biogas can be pro-
duced by integrating anaerobic fermentation (IEA, 2020).
Furthermore, added value can be generated by processing
and recycling the fermentation residues, either as fertiliser
or as substances that can be isolated from the fermenta-
tion residues as basic chemicals (Drosg et al., 2015). New
input streams from the manufacturing industry in particu-
lar require the adaptation of biogas technology, which has
mainly been used in the agricultural sector to date. The fer-
mentation of homogeneous individual substances poses
particular challenges in terms of supplying the microorgan-
isms with micronutrients, for example, or regulating the pH
value in the process (Weinrich & Nelles, 2021).

Technological innovations play an important role in the
efficient use of these heterogeneous waste streams. Mod-
ern biogas plants are capable of processing a wide range
of substrates while maintaining optimal process conditions
(Theuerl et al., 2019). Advances in process monitoring and
control make it possible to dynamically adapt fermentation
to the properties of the materials used, thereby maintaining
process stability with heterogeneous substrate streams.
This is crucial for biogenic waste and residues, as their
composition and quantities can vary greatly depending on
the season.

In addition to energy production, biogas technolo-
gy offers further advantages. The fermentation residues
produced during fermentation are nutrient-rich fertilisers
that can be used in agriculture, thereby reducing the use
of mineral fertilisers (European Biogas Association, 2024).
Furthermore, the use of biogenic waste and residues con-
tributes to closing material cycles and reduces the amount
of waste to be disposed (IEA, 2020). However, the environ-
mental performance of biogas systems increasingly de-
pends on (i) minimising methane slip along the chain and

(i) managing digestate to avoid nitrogen and phosphorus
losses to air and water (IPCC, 2021; Umweltbundesamt,
2019).

Innovative utilisation of digestate is therefore a key fu-
ture priority. Solid digestate can be upgraded via solid-lig-
uid separation followed by composting, drying and pelleti-
sation to produce transportable organic fertilisers and soil
improvers, or it can be converted into biochar via (co-)pyrol-
ysis/hydrothermal routes to stabilise carbon, reduce odour,
and create sorbent/soil-amendment products (Drosg et
al., 2015; Fu et al., 2024; Dinca et al., 2025). In parallel, the
liquid fraction (often rich in readily available ammonium)
requires careful treatment and application management to
prevent contamination of water bodies (e.g., nitrate leach-
ing and runoff), consistent with water-protection require-
ments such as the EU Nitrates Directive (EU, 1991). Prom-
ising approaches include ammonia stripping/scrubbing
(e.g., ammonium sulfate), membrane filtration or evapora-
tion/concentration, and phosphorus recovery as struvite,
thereby turning the liquid fraction into standardised, mar-
ketable fertiliser products and reducing nutrient surpluses
in vulnerable regions (Drosg et al., 2015; EU, 2019). Appli-
cation methods that increase nutrient use efficiency (e.g.,
injection or trailing-shoe/band application, adapted timing
and rates) further reduce emissions and leakage risks (Ko-
rba et al., 2024).

Despite the advantages mentioned above, there are
challenges involved in integrating biogenic waste and resi-
dues into biogas production. The heterogeneous composi-
tion of the substrates requires flexible plant technologies
and careful process monitoring (Weinrich & Nelles, 2021).
Logistics such as the collection, transport and storage of
the materials must also be taken into account. In addition,
legal aspects of the joint use of biogenic waste and resi-
dues often stand in the way and are a major obstacle (Bun-
desgiitegemeinschaft Kompost e.V., 2014). In the future,
it will be crucial to further increase the efficiency of bio-
gas technology and tap into new, previously unused waste
and residual material streams. Research and development
must focus on optimising process control, developing new
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pre-treatment methods and integrating biogas production
into existing agricultural and industrial systems.

Overall, biogas technology can make a robust contribu-
tion to the energy transition and circular economy if it prior-
itises residues over dedicated crops, reduces methane slip,
and couples energy services with nutrient recovery and
safe digestate management as central design goals (IEA,
2020; IPCC, 2021; European Biogas Association, 2024).

5. BIOFUELS AND BIOREFINERIES BASED
ON BIOGENIC WASTE AND RESIDUES

In 2022, the use of biofuels in Germany prevented emis-
sions of 11.6 million tonnes of COz-eq. Of the total 140 PJ,
46% came from biofuels from waste and residues and
54% from cultivated biomass (Bundesanstalt fiir Land-
wirtschaft und Erndhrung, 2022). The legal framework for
bio-based fuels has already been adapted in recent years
to significantly increase the share of waste and residues
as feedstock for production. Based on the requirements of
the EU Renewable Energy Directive (RED Il), the following
biomass classes for biofuels can be distinguished (Bunde-
sanstalt fir Landwirtschaft und Erndhrung, 2025):

1. Conventional biomass: so-called food and feed crops;

2. Advanced biomass: raw materials in accordance with
Annex IX A of RED Il that are not suitable for food or
feed;

3. Waste-based biomass: raw materials in accordance
with Annex IX B of RED II;

4. Biomass with a high risk of indirect land use change:
palm oil;

5. Other biomass: raw materials not explicitly assigned to
any of the other categories.

In a comparative meta-study of sustainable biomass
and substitution potentials, the amount of biogenic waste
and residues available for processing into biofuels in Ger-
many and Europe was investigated (Naumann et al., 2024).
Relevant studies were identified based on the following
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criteria: transparent methodology, recency (no older than
ten years) and potential levels considered (at least bioen-
ergy potential or mobilisable potential). Furthermore, the
focus of all studies was quantifying the potential of bio-
genic by-products, waste and residues. The comparison of
the thus identified five studies — (Fehrenbach et al. 2018),
(Panoutsou & Maniatis 2021), (Brosowski et al., 2019),
(Ruiz et al., 2015) and (Searle & Malins 2016). In addition to
quantifying biomass potential, its mobilisation potential is
also of central strategic importance. This means that suita-
ble production technologies that are sufficiently developed
for market establishment are also required. In the best-
case scenario, processing capacities are already available
or existing facilities from the fossil resource processing
sector can be converted or upgraded.

Based on the five studies the possible production
quantities of biobased diesel, kerosene, naphtha, ethanol,
methane and methanol were calculated. The analysis was
made for Germany and Europe, to determine the quantity of
biogenic substitutes that could be produced. According to
these calculations, 7-28% of current refinery output could
be substituted in Germany and 10-45% in the European
Union (Figure 6). Looking at sufficiently mature conversion
processes, there is substitution potential resulting primari-
ly from the conversion of biogenic by-products, waste and
residues into biomethane and biomethanol.

The wide range of the estimated substitution potentials
is due to differences between the biomass potential stud-
ies. These arise from the potential levels considered, the
number of biomasses considered, the assumptions made
about the mobilisation and use of biomasses, the data
used and the reference year. However, assuming a signif-
icant reduction in demand for liquid and solid fuels in the
future, mainly due to electrification, the substitution shares
determined would be even higher. The use of biogenic
waste and residues for the production of biofuels therefore
already makes a significant contribution to climate protec-
tion in the transport sector. Further biogenic waste and res-
idues can also be used to produce fuels for the combustion
engines that will remain in use in the medium term.

Product potential and substitution

Diesel .04 Mt 0.1 -0.3% 0.7Mt  0.3%
fuel

Kerosine  <0.6 Mt 1.5 - 6.0% 37Mt 13.8%
Naphtha <0.3 Mt 0.6 - 2.3% 19Mt  5.0%
Ethanol

Methanol 0-13 Mt 3-91 Mt

Methane  4- 15 Mt 31-131 Mt

17 - 28%
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Techn. potential

Bioenergy pot.
Mobilisable pot.

FIGURE 6: Substitution potential for mineral oil-based fuels by bio-based alternatives, for Germany and the EU. © (Naumann et al., 2024,

p. 3).
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For example, the DBFZ is investigating the efficient con-
version of agricultural and urban residues into biomethane
for transport (Roder et al., 2024). In an integrated pilot plant
(Pilot-SBG), modules for biomass pre-treatment, anaerobic
digestion, digestate processing and catalytic methanisa-
tion of CO, are being developed. Parallel to the ongoing
experimental campaigns on developing the mentioned
techniques, techno-economic assessments and sustaina-
bility assessments were already conducted. The costs for
a commercial scale plant for the conversion of straw and
manure to liquified biomethane were estimated for an ex-
emplary plant concept with all of the mentioned modules.
One of the findings is, that the catalytic methanation of the
CO, in the biogas could double the methane production.
However, the catalytic methanation module significantly
adds to the costs, both to the CAPEX (33% of the entire in-
vestment) and to the OPEX (hydrogen would make 51% of
the entire consumption related costs) (Roder, et al., 2024).
A more thorough techno-economic assessment of benefits
and drawbacks of the different modules and their combina-
tions will be elaborated, when the experimental campaigns
are completed.

The production of hydrogen from biomass is another
approach to substitute fossil fuels. While competition with
large-scale electrolysis is seen difficult, bio-hydrogen was
found particularly promising through routes like steam
reforming of biomethane and thermochemical gasifica-
tion to serve as a decentralized pillar in the transition to a
climate-neutral energy system (Dognitz, 2022). Hydrogen
could then be used to meet regional demands in transport
and municipal fleets or be part of integrated concepts,
where biogenic carbon is coupled with green hydrogen to
create high-value synthetic fuels. Conversely, direct appli-
cations for the heating market or injection into the national
gas grid are deemed inefficient, suggesting that the role of
biogenic hydrogen is best realized in localized, circular val-
ue chains where it can provide high greenhouse gas reduc-
tion potential from otherwise underutilized waste streams.

The production of basic and fine chemicals from bio-
based waste and residues is also increasingly being pur-
sued (Nitzsche et al., 2021). In principle, higher specific
revenues can be achieved with these products, but at the
same time the quality requirements for product purity are
significantly higher and usually require longer processing
chains. Since often only parts of the biomass can be pro-
cessed into the desired products, the concept of biorefiner-
ies plays an important role in the production of bio- based
raw materials for material use in the chemical industry. In
biorefineries, the raw biomass is processed into various
products as well as biogenic waste and residues through
a combination of conversion and separation processes
(Bundesregierung, 2012).

Another example of producing chemicals from region-
al biomass residues is the production of medium chain
carboxylic acids by fermentation. The fermentation pro-
cess has successfully demonstrated that caproic and
caprylic acid can be produced from moist residues such
as fruit pomace, harvest residues or other residues from
the food industry or even mixed organic waste (Xu et al.,

2018), (Chen et al., 2017). The entire process, including
the purification of the carboxylic acids, has been demon-
strated on a pilot scale (Braune et al., 2021). Sample
quantities of the products were produced for application
tests in the lubricant sector. The processing method is de-
signed to be integrated into biogas plants so that, in addi-
tion to the carboxylic acids, biomethane is produced and
the nutrients in the remaining digestate can ultimately be
returned to agriculture as secondary fertiliser. This turns
biogas plants into biorefineries that can process biogenic
waste and residues with high added value (Braune et al.,
2021).

6. NEGATIVE EMISSIONS

BECCS stands for Bioenergy with Carbon Capture and
Storage. Bioenergy is based on biomass, the formation
of which involves CO, capture from the air through plant
growth. BECCS involves the technical conversion of bio-
mass into bioenergy products (e.g. biofuels, heat/cooling,
electricity) while simultaneously capturing carbon in the
form of carbon dioxide or solid carbon products, includ-
ing its permanent storage. This makes BECCS one of the
better-known technologies in the field of carbon dioxide
removal (CDR).

What contribution can BECCS options make to CO,
capture in Germany in the coming years? The focus here
is primarily on biogenic waste and residues, the utilisation
of which is associated with a high climate protection con-
tribution.

The significant bioenergy flows (> 10 PJ) shown in Fig-
ure 7 are converted into CO, flows. To this end, the CO,
potential that would be released if the biomass were com-
pletely converted into CO, is calculated. This calculation is
based on the carbon content of the biomass and the bio-
energy products, as well as the efficiency of the associat-
ed bioenergy plant. In total, the CO, potential fed into the
bioenergy system by biomass is approximately 150 million
tonnes of CO,/year (based on 2021 figures). Of this, just
under 50 million tonnes of CO,/year comes from biogenic
waste and residues.

However, one restriction applies: not all bioenergy sup-
ply is equally suitable for expansion with BECCS compo-
nents. The most promising routes are as follows:

CO, captured from biogas and biofuel production:
around 2 million tonnes of CO, are already being captured
each year from the processing of bioethanol and biogas.
However, CO, capture could be doubled if large biogas
plants that use waste and residual materials switch to bi-
omethane production and set up appropriate processing
with CO, capture. Around 3 million tonnes of CO, per year
appear to be possible (Rensberg et al., 2023).

CO, that can be captured from the use of solid fuels
in large-scale plants: 25-35 million tonnes of CO, per year
could be captured from the combustion of waste and resid-
ual materials (e.g. waste wood, industrial wood residues)
in existing waste incineration plants and large biomass
heating (combined heat and power) plants. Assuming a
capture rate of 80% (Markewitz et al., 2018, own estimates
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FIGURE 7: Main CO, flows (million tonnes CO,/year) from biomass to bioenergy for 2021 (own calculations, based on energy flows > 10

PJ). © (Thran, D. et al. (2025), p. 4).

of further losses in practice), this could contribute 20-28
million tonnes of CO, per year.

CO, that can be captured through biochar from the use
of solid fuels: biochar can also be developed from the cur-
rent bioenergy system. Assuming the further development
and large-scale conversion of heating plants and combined
heat and power plants to pyrolysis gas, up to 10 million
tonnes of CO,/year could be converted from forestry res-
idues in these systems. Sewage sludge, which can also be
converted into biochar due to its very highwater content
but does not provide any energy, is not included in this es-
timate. Assuming a capture rate of 30-50% (Kaltschmitt et
al., 2024), a further 3-5 million tonnes of CO,/year could be
captured in this way.

CO, that can be captured using biochar from the use of
by-products: approximately 10% of the by- products gener-
ated from biogas and biofuel production (38 million tonnes
of CO,/year) are based on waste and residues. They could
provide an additional 2-3 million tonnes of CO,/year of per-
manently stored CO, in the form of biochar.

In total, based on the waste and residual materials used
and the establishment of various BECCS options, it is con-
ceivable that 28-39 million tonnes of CO,/year could be re-
moved in the current bioenergy system. It should be noted
that the conversion will not be technically and economical-
ly feasible in all cases in terms of fuel or plant technology.
More information can be found in (Thrén et al., 2025).

7. CONCLUSIONS

The article discusses the role of biogenic waste and
residues in achieving a climate-neutral world, particularly
in Germany. The main findings include:

1. Substitution potential: 7-28% of current refinery output
in Germany could be substituted with bio-based alter-

natives, and 10-45% in the European Union.

2. CO, reduction: The use of biofuels from waste and res-
idues prevented emissions of 11.6 million tonnes of
CO,-eq in Germany in 2022.

3. Recycling of residual and waste wood: The use of re-
sidual and waste wood must be re-thought and trans-
formed from a systemic perspective to achieve a more
climate-efficient utilization, focusing on extended ma-
terial cascades, peak load applications, and integrated
negative emission generation.

4. Biomass potential: Biogenic waste and residues can
provide a significant amount of biomass for energy pro-
duction, with approximately 150 million tonnes of CO,/
year potentially available in Germany.

5. BECCS (Bioenergy with Carbon Capture and Storage):
This technology has the potential to capture around 2
million tonnes of CO,/year from biogas and biofuel pro-
duction, which could be doubled if large biogas plants
switch to BECCS.

6. Biogas technology: Anaerobic digestion can convert bi-
ogenic waste and residues into biomethane, providing
an environmentally friendly source of energy and reduc-
ing greenhouse gas emissions.

Overall, the article highlights the importance of utiliz-
ing biogenic waste and residues in a sustainable manner
to achieve climate neutrality and reduce greenhouse gas
emissions
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1. INTRODUCTION

The past year has witnessed several significant devel-
opments in fixing liability for climate and environmental
harm, signalling a decisive shift from abstract notions of
responsibility to concrete legal and financial accountabil-
ity, even in areas as complex and contested as climate
change. From California’s proposed Polluters Pay Climate
Superfund Act, which seeks to impose financial liability on
major fossil fuel companies for climate-related damages
(California State Legislature, 2025), to the landmark ruling
of the Hamm Higher Regional Court in Sadl Luciano Lliuya
v. RWE, affirming the proportional liability of major emitters
for climate impacts (Hamm Higher Regional Court, 2025),
the legal landscape is rapidly evolving. Parallel policy pro-
posals, such as those advanced by Eurodad and the Glob-
al Alliance for Tax Justice advocating additional taxes on
fossil fuel profits (Trilling, 2025), further reflect a growing
consensus that the emphasis is no longer on achieving
perfect certainty in attribution, but on ensuring that those
who have contributed meaningfully to environmental deg-
radation bear an enforceable share of the economic bur-
den of its impacts.

While these contemporary developments appear novel,
the concept of holding individuals accountable for envi-
ronmental harm is not new. Early civilisations recognised
rudimentary forms of environmental responsibility. Plato,
in The Laws, suggested that those who polluted water
sources should not only compensate for the damage but
also restore the resource (Jowette, 2008). In ancient India,
Kautilya's Arthashastra prescribed financial penalties for
acts such as polluting public spaces and water bodies, with
fines serving compensatory and deterrent purposes (Ran-
garajan, 1992). Roman law similarly developed principles
of nuisance and liability for harmful acts affecting neigh-
bouring property and community resources (lbbetson,
2003). These early formulations, though limited in scope,
reveal an enduring concern for regulating environmental
harm through liability.

Environmental liability, however, began to take explicit
legal shape during the Industrial Revolution, when large-
scale industrial activity caused widespread pollution and

harm to human health and property. Initially, liability was
addressed through traditional tort law, focusing primarily
on personal injury or property damage, with little recogni-
tion of harm to the environment as an independent legal
interest. It was only in the mid-twentieth century, following
major environmental disasters and increased scientific
understanding of ecological damage, that environmen-
tal liability emerged as a distinct legal concept. The 1972
Stockholm Conference on the Human Environment marked
a turning point, and the OECD'’s articulation of the Polluter
Pays Principle in the same year provided a normative foun-
dation for modern environmental liability regimes (United
Nations, 1972).

This evolution found an early and influential expression
in statutory frameworks such as the United States’ Compre-
hensive Environmental Response, Compensation, and Lia-
bility Act, 1980 (CERCLA), the first law to expressly impose
strict and retroactive liability for environmental contami-
nation. Enacted against the backdrop of disasters such as
Love Canal (USEPA & NYSDEC, 2013) and the inadequacy
of existing legal remedies, CERCLA firmly established envi-
ronmental liability as an independent and enforceable legal
mechanism. The principles governing environmental liabil-
ity have continued to expand and adapt in response to new
forms of environmental harm. Against this backdrop, this
column examines the principles underlying the allocation
of environmental liability and their growing relevance in ad-
dressing contemporary environmental challenges.

2. NEED FOR ENVIRONMENTAL LIABILITY

Environmental liability allocation is essential for pro-
tecting the environment and human health by ensuring
accountability for environmental harm. Natural resources
such as air, water, land, and ecosystems are fundamen-
tal to life, and unchecked pollution can cause irreversible
damage. By enforcing the polluter pays principle, environ-
mental liability places the responsibility for prevention,
control, remediation, and restoration on those who cause
pollution, rather than shifting the burden to society or fu-
ture generations. Importantly, it also serves as a tool of en-
vironmental justice by ensuring that communities affect-
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ed by pollution—often economically weaker and socially
marginalized groups—receive compensation and legal
protection instead of bearing the costs of harm they did
not cause.

A central justification for environmental liability lies in
the internalization of environmental costs. Industrial activ-
ities frequently generate pollution, resource depletion, and
health hazards that disproportionately impact poorer com-
munities living near industrial zones, landfills, or polluted
water bodies. These harms are usually treated as external
costs and excluded from the market price of goods. En-
vironmental liability converts such external costs into in-
ternal costs by legally requiring industries to account for
environmental damage, health impacts, and social conse-
quences. As a result, expenses related to pollution control,
waste management, cleanup, compensation, and environ-
mental restoration become part of regular business opera-
tions, closely reflecting the polluter pays principle.

By internalizing environmental costs, environmental
liability promotes fairness, deterrence, and sustainable
development. Industries are encouraged to adopt cleaner
technologies and safer production methods to minimize li-
ability, thereby reducing environmental risks at the source.
At the same time, when polluters pay the true cost of envi-
ronmental damage, product prices better reflect their real
social costs, preventing unfair competition based on envi-
ronmentally harmful practices. This approach protects the
public—especially economically weaker sections—from
absorbing hidden costs of pollution and ensures that en-
vironmental protection is integrated into industrial deci-
sion-making, supporting both social justice and long-term
environmental sustainability.

3. PRINCIPLES OF ENVIRONMENTAL LIA-
BILITY

The principles of environmental liability allocation de-
termine who should bear responsibility for environmental
damage and how that responsibility is shared. The main
principles are discussed below.

3.1 Polluter Pays Principle

The polluter pays principle is a foundational concept in
environmental liability allocation, placing responsibility for
environmental harm squarely on the person or industry that
causes pollution. It requires polluters to bear the costs of
preventing, controlling, and remedying environmental dam-
age, ensuring that such burdens are not transferred to the
public or the state. The principle emerged in response to
the limitations of traditional fault-based liability systems,
which proved inadequate for addressing widespread and
long-term environmental harm. Its origins lie in economic
theory of the 1960s (OECD, 1992), and it was formally artic-
ulated by the Organisation for Economic Co-operation and
Development (OECD) in 1972 to promote efficient resource
use through the internalization of environmental costs
(United Nations, 1972). Subsequently, the principle gained
international recognition through instruments such as the
Stockholm Declaration (1972) and the Rio Declaration on
Environment and Development (1992), marking its evolu-

tion from a policy guideline to a recognized legal norm.

Over time, the polluter pays principle has been incorpo-
rated into binding legal frameworks and judicial decisions
across jurisdictions. In the European Union, it is enshrined
in Article 191 of the Treaty on the Functioning of the Europe-
an Union and underpins environmental liability directives.
In the United States, legislation such as the Comprehensive
Environmental Response, Compensation, and Liability Act
(CERCLA) gives effect to the principle by imposing cleanup
costs on responsible parties. In India, the Supreme Court
has firmly embedded the polluter pays principle within en-
vironmental jurisprudence, through its decisions in cases
such as Indian Council for Enviro-Legal Action v. Union of
India (1996) (1996 SCC (3) 212 ), where polluting industries
were held liable for the full cost of remediation, and Vellore
Citizens’ Welfare Forum v. Union of India (1996) (1996 AIR
SCW 3399), which recognized the principle as an essential
component of sustainable development. Through these le-
gal developments, the polluter pays principle has become a
cornerstone of environmental liability allocation and a key
instrument for ensuring environmental justice.

3.2 Precautionary Principle

The precautionary principle operates as an important
principle of environmental liability allocation by allowing
responsibility to be imposed even in the absence of com-
plete scientific certainty regarding environmental harm.
Where an activity poses a serious or irreversible risk to
the environment, the principle requires the actor to take
preventive measures in advance, and failure to do so may
attract liability. A distinctive feature of this principle in the
context of liability allocation is the shifting of the burden of
proof. Instead of requiring affected communities or regula-
tory authorities to establish actual environmental damage,
the onus is placed on the developer or industry to prove
that the proposed activity is environmentally safe. This ap-
proach reflects the understanding that waiting for conclu-
sive scientific evidence may result in irreversible harm. The
principle originated in the German Vorsorgeprinzip of the
1970s (ERPS, 2015), which emphasized anticipatory ac-
tion, and gained international recognition through Principle
15 of the Rio Declaration on Environment and Development
(1992).

As a principle of environmental liability allocation,
the precautionary principle shifts environmental govern-
ance from a reactive, damage-based model to a preven-
tive framework that prioritizes risk avoidance. It has been
widely incorporated into national and international legal
systems, particularly in areas involving environmental
and public health risks. In the European Union, it forms a
core component of environmental policy and guides reg-
ulatory decision-making in fields such as chemical control
and food safety (European Commission, 2022). However,
its implementation and codification vary among Member
States, leading in practice, to differing interpretations and
outcomes. For example, Sweden applies a comparative-
ly “strong” version of the precautionary principle. Under
Swedish law, the burden of proof rests with the operator,
and regulatory action may be triggered by a risk of “dam-
age” as such, rather than being limited to cases involving

Hnvironmental Forensics, Law and Policy / DETRITUS / Volume 34 - March 2026 / pages |-V



arisk of “irreversible damage,” which is often the threshold
applied elsewhere (Chapter 2, s. 3 p. 2, Swedish Environ-
mental Code). In India, the Supreme Court has expressly
adopted the precautionary principle as part of environmen-
tal jurisprudence in Vellore Citizens’ Welfare Forum v. Un-
ion of India (1996) (AIR 1996 SC 2715), where the Court
held that the burden of proof lies on the industry to demon-
strate environmental safety. This position was reinforced
in A.P. Pollution Control Board v. Prof. M.V. Nayudu (1999)
(AIR 1999 SC 812), which emphasized preventive action in
situations of scientific uncertainty.

3.3 Strict Liability Principle

The principle of strict liability plays a significant role in
environmental liability allocation by allowing responsibility
to be imposed without the need to prove fault, negligence,
or intent. Under this principle, when an inherently danger-
ous or hazardous activity causes environmental harm, the
operator or person in control of the activity is held liable
irrespective of the care taken. The rationale behind strict
liability is that certain activities, by their very nature, pose
a high risk to the environment and public safety, and those
who undertake such activities must bear the consequenc-
es of any resulting damage. This principle evolved to ad-
dress the inadequacy of fault-based liability systems in
situations where environmental harm occurs despite the
absence of negligence.

The origins of strict liability can be traced to English
common law, particularly the landmark decision in Rylands
v. Fletcher (1868) (LR 3 HL 330), where the House of Lords
held that a person who brings onto their land something
likely to cause mischief if it escapes must keep it at their
peril and is liable for any damage caused by its escape.
This marked a decisive shift away from fault-based liability
and laid the foundation for holding operators accountable
for harm arising from hazardous substances and activities.
Internationally, strict liability has been widely incorporated
into environmental law. In the United States, statutes such
as the CERCLA (1980) impose strict liability on parties re-
sponsible for hazardous waste contamination. Similarly,
strict liability is reflected in environmental liability regimes
and international conventions addressing oil pollution and
nuclear damage, including the International Convention
on Civil Liability for Oil Pollution Damage (1969). Through
these frameworks, strict liability ensures effective compen-
sation and environmental protection by placing responsi-
bility on those best positioned to prevent harm and absorb
the costs of environmental damage.

3.4 Absolute Liability Principle

The principle of absolute liability represents a more
rigorous and advanced form of environmental liability than
strict liability and is a distinctive contribution of Indian en-
vironmental jurisprudence. While strict liability may allow
certain exceptions or defences, absolute liability permits
none and imposes complete responsibility on industries
engaged in hazardous or inherently dangerous activities
for any harm caused. This principle was evolved by the Su-
preme Court of India in the landmark case M.C. Mehta v.
Union of India (1987 AIR 1086, 1987 SCR (1) 819) (Oleum

Gas Leak Case, 1987), where the Court held that such en-
terprises owe an absolute and non-delegable duty to the
community to ensure that no harm results from their op-
erations. Unlike strict liability, which is rooted in common
law and is subject to limitations, absolute liability extends
the scope of responsibility to cover compensation to vic-
tims and also the full cost of environmental damage and
remediation, thereby reinforcing a stronger commitment to
public safety and environmental protection in the context
of modern industrial hazards.

3.5 The Public Trust Doctrine

The Public Trust Doctrine is a significant principle ap-
plicable to environmental liability, based on the idea that
certain natural resources—such as air, water, forests, riv-
ers, and coastal areas—are held by the State in trust for
the benefit of the public. Under this doctrine, the State is
not the absolute owner of natural resources but a trustee
with a fiduciary duty to protect, preserve, and manage them
for present and future generations. Consequently, environ-
mental liability may arise not only from direct harm caused
by the State’s actions but also from its failure to regulate,
supervise, or prevent environmental damage by private ac-
tors. When public authorities neglect their statutory or con-
stitutional duties, especially in permitting environmentally
harmful activities or failing to enforce environmental laws,
the State can be held accountable for breach of its public
trust obligations.

The application of the public trust doctrine to environ-
mental liability has been strongly affirmed through judicial
decisions, particularly in India. In M.C. Mehta v. Kamal
Nath (1997) ((1997) 1 SCC 388), the Supreme Court explic-
itly recognized the public trust doctrine and held that the
government is duty-bound to protect natural resources and
cannot permit their use for private or commercial purpos-
es if it results in environmental degradation. The judicial
pronouncements, read alongside constitutional mandates
such as Article 48A and Article 51A(g), establish that fail-
ure of the State to act as a responsible trustee can give
rise to environmental liability. Thus, the public trust doc-
trine serves as a vital mechanism for holding governments
accountable and integrating environmental protection into
the core functions of governance.

4. PRINCIPLES OF CIVIL LIABILITY ALLO-
CATION APPLICABLE TO ENVIRONMENTAL
LIABILITY

Environmental harm often involves complex factual sit-
uations, multiple actors, and overlapping responsibilities,
making the allocation of civil liability a crucial aspect of
environmental governance. To address these complexities,
environmental law draws upon general civil liability alloca-
tion principles such as joint and several liability, equitable
allocation, proportional liability, etc. These principles pro-
vide legal frameworks for determining how responsibility
for environmental damage is shared among different ac-
tors, ensuring effective compensation, timely remediation,
and fairness in burden-sharing.
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4.1 Joint, Several and Joint & Several Liability

In the context of environmental liability allocation,
the concepts of joint, several, and joint & several liability
determine how responsibility for environmental harm is
shared among multiple polluters or responsible parties.
These doctrines are particularly important where contam-
ination is caused by cumulative or overlapping activities,
and where prompt remediation is a regulatory priority. The
choice of liability model directly affects enforcement strat-
egies, risk allocation, and post-remediation contribution
claims between responsible parties.

Joint liability treats multiple parties as collectively re-
sponsible for a single environmental obligation. Each par-
ty is legally liable for the full extent of the environmental
harm, but the obligation is discharged once remediation or
compensation is completed by any one of them. Procedur-
ally, enforcement actions often require that all jointly liable
parties be brought before the authority or court together.
While this approach reflects the collective nature of envi-
ronmental harm, it may hinder effective enforcement if one
or more responsible parties are insolvent, untraceable, or
otherwise unable to participate in proceedings.

Under several liability, environmental responsibility is
apportioned among parties according to defined criteria,
such as degree of fault, volume of pollutants contributed,
or duration of involvement. Each party is liable only for its
allocated share of cleanup costs or damages, and com-
pliance by one party has no impact on the obligations of
others. This model promotes fairness and proportionality
but can create enforcement challenges, particularly where
environmental harm is indivisible or where some parties
lack the resources to meet their share, potentially resulting
in under-remediation.

Joint and several liability represents a hybrid approach
and is widely adopted in environmental regulation due to
its effectiveness in ensuring remediation. Each responsi-
ble party is individually liable for the entire environmental
harm, while also being collectively liable with others. Regu-
lators or claimants may pursue any one party, multiple par-
ties, or all parties together for full recovery. This maximizes
the likelihood that environmental damage will be promptly
addressed, leaving issues of equitable cost-sharing to be
resolved through contribution or indemnity claims among
the responsible parties.

In environmental law, joint and several liability is often
preferred where harm is indivisible, the polluters’ contribu-
tions are difficult to quantify, or public health and ecologi-
cal protection demand immediate action. Although it may
result in one party bearing a disproportionate initial burden,
this approach prioritizes environmental remediation while
preserving private rights of recourse between parties to
achieve a more equitable final allocation of liability.

4.2 Proportionate and Equitable Liability

Proportionate liability in environmental law is based on
allocating responsibility according to a party’s actual con-
tribution to the overall environmental harm. Each polluter
is assigned a share of liability that reflects factors such
as the nature and extent of its activities, the quantity and

toxicity of pollutants released, and the duration of its in-
volvement (Gilead et al., 2013). This approach is grounded
in fairness, as it avoids imposing the entire burden of re-
mediation on a single party when harm has resulted from
multiple sources. Importantly, in a proportionate liability
framework, if one responsible party is unable to meet its
share due to insolvency or other incapacity, the remaining
parties’ liabilities may be reassessed and redistributed in
proportion to their contribution to the total harm, ensuring
that environmental remediation is not stalled.

Equitable liability complements proportionality by al-
lowing courts or regulators to adjust liability allocation to
achieve a just outcome in light of the circumstances of
each case. While proportional contribution remains the
guiding principle, equity permits flexibility where strict
apportionment would undermine effective remediation or
lead to unjust results. This stands in contrast to several
liability, where each party’s share is fixed and cannot be
increased even if another party defaults (Staab v. Diocese
of St. Cloud) (1575 A12 1972 (2013)). Equitable and pro-
portionate allocation, therefore strikes a balance between
fairness and effectiveness: it ensures that each party is
held responsible for its role in causing environmental dam-
age, while also allowing liability to be redistributed where
necessary to secure cleanup and restoration in the public
interest.

4.3 Vicarious Liability

Vicarious liability, though applied more selectively
than strict or absolute liability, plays an important support-
ing role in addressing environmental harm. The principle
operates where a legally recognised relationship exists—
such as employer—-employee, principal-agent, or contrac-
tor-subcontractor—and the environmentally harmful act
occurs in the course of employment or the performance
of assigned duties. In such cases, liability is attributed not
only to the individual who directly caused the harm but also
to the person or entity exercising control or authority over
that individual. This reflects the understanding that envi-
ronmental damage often arises from organised industrial
or commercial activities rather than isolated personal con-
duct.

In environmental contexts, vicarious liability ensures
that organisations remain accountable for pollution or en-
vironmental damage caused by those acting on their be-
half, even where the organisation did not directly engage
in the wrongful act. By imposing responsibility at the insti-
tutional level, the principle discourages delegation of risky
activities without adequate oversight and promotes bet-
ter training, supervision, and compliance systems. Indian
courts have implicitly recognised this approach by holding
industries responsible for environmental harm arising from
their operations (M.C. Mehta v Union of India ((1987) 1
SCC 395), Indian Council for Enviro-Legal Action v. Union of
India, ((1996) 3 SCC 212), Vellore Citizens Welfare Forum
v. Union of India, ((1996) 5 SCC 647)) while international
regimes, such as under the U.S. Clean Water Act, similar-
ly impose liability for violations committed by employees
or contractors under a company’s control (USEPA, 2002).
Although vicarious liability does not displace strict or ab-
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solute liability, it reinforces environmental protection by
closing accountability gaps and preventing entities from
evading responsibility through organisational structures.

5. ENVIRONMENTAL LIABILITY IN COMMON
LAW VS CIVIL LAW SYSTEMS

Environmental liability principles operate differently
under the two major legal systems in practice - common
law systems and civil law systems. Countries that were
once under British rule, such as India, generally follow the
common law system, while most European countries ad-
here to the civil law system. The key distinction between
these systems lies in the source and development of law.
In common law systems, statutes coexist with judicial de-
cisions, and court rulings themselves constitute a source
of law. This enables courts to actively shape environmental
liability principles through interpretation and precedent. As
a result, principles such as absolute liability, strict liability,
and the polluter pays principle have evolved through judi-
cial creativity, allowing the law to adapt to new environmen-
tal challenges even in the absence of codified rules. For
instance, principles such as the “polluter pays” were part
of the law of the land in India through judicial pronounce-
ments even before they were explicitly incorporated into
some of the later statutes. This flexibility allows common
law systems to respond more rapidly to environmental
challenges.

In civil law systems, by contrast, the law is primarily
codified, and legal certainty is achieved through compre-
hensive statutes and codes enacted by the legislature.
Environmental liability principles in such systems derive
their authority from formal legislative recognition rather
than judicial innovation. Courts play a more restrained role,
focusing on the application and interpretation of codified
provisions. While this may appear less flexible, it ensures
clarity, uniformity, and predictability in the enforcement of
environmental liability.

6. CONCLUDING REMARKS

The existence of clear rules and guidelines governing
environmental liability is essential for any society seeking
to effectively address environmental harm and hold pol-
luters accountable. However, the mere availability of laws
and guidelines based on these principles is not sufficient;
equal importance must be given to the manner in which

these laws are implemented and to the institutional mech-
anisms that support their enforcement. It is often argued
that law operates reactively by imposing liability only after
environmental damage has occurred, whereas long-term
environmental protection requires proactive societal action
focused on prevention rather than remediation. While such
proactive measures are undeniably crucial, the deterrent
effect of legal consequences cannot be overlooked, as the
prospect of liability plays a significant role in discouraging
environmentally harmful conduct. Well-conceived princi-
ples, their effective incorporation into law, proper enforce-
ment, and proactive societal engagement together form the
foundation of a robust and effective environmental redress
mechanism, ensuring long-term environmental protection.
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The Garbage Story
Rainer Stegmann and Cristina van der Westhuyzen

By chance, one of us noticed an overflowing bin in a
street in Venice and was drawn to the aesthetic of its color-
ful contents. A photo was taken, and thoughts were turned
into words.

What is the relevance of sharing this photo and the
reflections it inspired? Is it just an overflowing waste bin,
or is there more to discover? We see it as a way to ignite
curiosity and interest in the discarded object, the beauty it
can reveal, and the powerful message it sends. Waste can
inspire our imagination and uncover many stories behind it.
Waste can become a source of creativity.

Viewed from the perspective of waste management, a
close look at the bin tells us that several items are recy-
clable, such as the two plastic bottles, the can, and per-
haps the single-use paper-and-plastic cups. The remaining
waste materials may be difficult to sort and should be dis-
posed of; due to their high calorific value, they should be
incinerated. Some items in the bin could have been avoid-
ed: the single-use cups could have been replaced with re-
usable cups, the drink in the can could have been served in
a deposit-return bottle, and plastic bottles could have been
replaced with refundable ones.

Another often overlooked aspect of Waste Manage-
ment is organizing waste collection in public spaces.
Therefore, there should be enough trash cans, emptied reg-
ularly, to prevent littering. Key questions include how many
to install, their capacity, and how frequently they should
be emptied to avoid overflows, which often happen during
events. This is a significant challenge due to high costs.
Trash cans should have lids to prevent litter from being
blown away by the wind, to deter animals, and to protect
against rain. Plastic cigarette butts should be collected in
a designated compartment inside the trash can to prevent
them from ending up in the oceans. Although the trash con-
tainer in Venice inspired us for the Garbage Story, the City
of Venice may reconsider the design of the trash contain-
ers presented here.

“Every item in this garbage bin has a story to tell: plastic,
paper and tin. The remains of a busy day in a city. Water
bottles, a fizzy drink, an ice cream cup smudged in melted
chocolate, an invitation to an evening of music and wine, a
scrunched-up ticket. Was it for a museum? The trail of lei-
surely time spent strolling around in the warm sun. The air is
vibrant with sound. The piazza is buzzing with many people,
colourful and confused like the jumbled display in the bin.
Happy memories will be taken but this will remain.”

In the next volume
of DETRITUS, | will
present the artist
Diedel Klover, who
lives in Varel, Ger-
many. He creates
wonderful sculp-
tures from wasted
metal items. In this
example, these are
screws and nuts.
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