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It should of course be taken into account that mate-
rials such as paper, plastics, glass and metals, cannot 
be recycled infinitely; as an example, paper and plastics 
can only be subjected to the recycling process 3-8 times,  
thus implying a need to deal with the remaining residues. 
As the number of cycles increase, toxic compounds may 
accumulate during the recycling of mixed paper. Approx-
imately 79% of pretreated waste paper is used in the pro-
duction of new paper in Germany, or is exported to other 
countries; the remaining materials are largely disposed of 
as waste.

The situation regarding mixed waste plastics is rather 
more complex, with the majority being recycled into to new, 
low value materials at a rate of up to 30% only. For this 
reason, large quantities of mixed plastic materials are ther-
mally treated or landfilled, with Germany exporting approx. 
25% to developing countries.

Economic Aspects of Circular Economy
The European Union (EU) Waste Framework Directive 

(WFD) establishes that only waste fractions for which a 
market demand exists may be used in the manufacture of 
new products. At first glance, this approach makes sense. 
But what does the lack of a market mean? Does it imply 
that recycled products cannot be reused and have to be 
disposed? What happens with recovered waste paper, for 
example, when the market is saturated or paper prices are 
very low but the material properties are suitable for return 
into the material cycle? Will this material be recovered? In 
Germany, this situation became a reality for wastepaper 
and plastics when China changed their import rules. As a 
result, there was an abundance of these baled waste com-
ponents available that could not be marketed and thereby 
caused significant costs and handling issues. The situation 
deteriorated further for plastics when oil prices fell; as a 
result, over a certain period, new materials were cheaper 
than recycled ones. Consequently, new markets were iden-
tified for baled wastepaper and waste plastics in Turkey, 
India, Malaysia and other Asian countries. 

The overarching goal of CE is the conservation of nat-
ural resources by returning recycled waste materials back 
into the material cycle; emissions and wastes for disposal 
have to minimized. Cost reduction is of the utmost impor-
tance, but should not, in our opinion, dictate whether a ma-
terial or product can be recycled and reused or not.

The export of wastepaper and plastics to Asian coun-
tries, for example, is carried out under the official condition 
that in the receiving countries the material will be handled 

Introduction
Debates relating to waste management (WM) are fre-

quently reduced to the topic of Circular Economy (CE). 
However, the focus of CE does not extend to all fields of 
waste management. Moreover, waste management should 
not be considered a self-standing discipline, but rather as a 
part of a more global form of environmental management. 
WM therefore should ensure it operates in line with the 
United Nations Sustainable Development Goals (UN-SDGs) 
and aim to meet the Planetary Boundaries goals (Richard-
son et al. 2023, Earth beyond six of nine planetary bounda-
ries. Science Advances, 9, 37).

Although waste is currently acknowledged as a re-
source, it should be taken into account that during separate 
collection, pre-treatment, and recycling significant volumes 
of residues are produced. These residues should be quanti-
fied and their compositions determined before being treat-
ed and/or safely stored in sinks.

In our view, kitchen and yard wastes (K+Y) are not ad-
equately addressed in the context of a Circular Economy. 
To be deemed suitable for reuse, the produced compost 
needs to be of good quality with a low pollutant content: 
conversely, the composted K+Y waste should be disposed. 
Accordingly, kitchen and yard waste should be better inte-
grated in the CE concept. 

The incineration of residual waste is often included in 
the context of CE, although our opinion is that it is a con-
taminant sink and that material and product recycling alone 
should be comprised under the term CE. Indeed, as is the 
case in Germany, for example, incineration should invaria-
bly envisage total energy use (electrical and /or thermal). 
Pyrolysis and gasification may be considered differently   
as new products are created.

A frequently neglected group of pollutants in CE is rep-
resented by fine and ultra-fine particles, generated through-
out all CE handling and treatment steps. Specific efforts 
should be aimed at eliminating or reducing the presence of 
these particles in order to prevent environmental pollution 
and detrimental effects on public health.

Recyclability of a series of waste types subject to sepa-
rate collection and waste disposal

Waste components are characterized by varying rates 
of recycling, with glass, metals and to a significant extent, 
paper yielding consistently high rates; on the contrary, re-
covery rates for plastics are insufficient, while used textiles 
are rarely recycled, although they may be reused as sec-
ond-hand clothes or cleaning rags.
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by certified companies in line with standards similar to 
those adopted as in the exporting country. Unfortunately, 
this is not always the case, as shown by media reports doc-
umenting severe environmental damage with plastic litter 
ending up in the oceans. The export of used garments and 
shoes to DCs, particularly Africa and South America, for 
the specific purpose of helping poorer nations, has largely 
failed. The same is true for still functional electronic de-
vices that end up - in the same way as textiles - in dumps, 
rivers or scattered on the land. In the case of electronic 
devices, the poor process applied in recovering useable 
materials from computers, phones, etc. is also associated 
with high health risks. In Europe, both products are official-
ly classified under the heading export of used goods rather 
than waste.

Effect of Circular Economy on the Environment
It is evident that the powerful effects produced by CE 

on the environment should be given much deeper consid-
eration. As indicators for the quality of the environment, we 
propose using the nine Planetary Boundaries (PBs) which 
humanity should not be allowed to cross.

Leaving aside additional aspects such as transport and 
pretreatment of waste materials, CE exerts positive effects 
on the majority of PBs; as an example, paper recycling leads 
to a reduction in CO2 emissions and freshwater use, whilst 
also saving biotopes due to a lower consumption of wood. 
The avoidance of loss of biodiversity during CE should 
be further investigated for example by using a modelling 
approach. In so doing, the impact of the various recycling 
steps and modes on the loss or gain of biodiversity would 
become more transparent. This type of model should be 
much simpler to implement in routine use than an LCA. 

The Spillover Index and Extended Producer Responsibility
An additional aspect is represented by the impact 

of social and environmental issues on CE, including the 
“Spillover Index” (https://dashboards.sdgindex.org/map/
spillovers). Resources from many of the less developed 
nations are used in the manufacture of a wide range of 
products; these resources are often obtained under unac-
ceptable labor and environmental conditions. The Spillover 
Index measures how much the actions taken by individual 
countries in supplying resources to industrialized countries 
- including tropical wood and all kinds of ores - affect, the 
ability of other countries to achieve the UN SDGs  (https://
sdgs.un.org › goals). The Spillover Index attributes all im-
pacts produced by material mining, including carbon emis-
sions, to the importing country. The latter implies that the 
industrialized country responsible for importing the goods 
is responsible for the environmental impact caused by the 
mining of materials in the exporting country. In this case, 
the importing country should first consider the negative 
impact of the mining process in their cost and environmen-
tal balance (negative Spillover Index). On the other hand, 
the Spillover Index approach may be used to ensure and 
consider the avoided environmental impact generated 
when a product is reused rather than being newly manu-
factured. The avoided impact on the environment in both 
the resource-exporting countries (e.g., mining of rare earth 

metals, cobalt) and the producing country (e.g., water 
pollution, destroyed habitats) may be positively valued in 
the industrialized country as complying with the UN-SDGs 
and/or the Planetary Boundaries (positive Spillover Index). 
This approach would also incentivize increased product re-
pair, reuse and recycling of materials. Moreover, importing 
countries are expected to use all necessary political and 
financial power to improve the social and environmental 
situation in the mining industry of the exporting country. 
This Spillover Index is not governed by a law but is intend-
ed to act as guidance or an incentive to achieve improved 
sustainability. 

Extended Producer Responsibility (EPR) represents a 
further tool for use in ensuring better product design and 
reuse. The OECD defines Extended Producer Responsibil-
ity (EPR) as an environmental policy approach in which a 
producer’s responsibility for a product is extended to the 
post-consumer stage of a product’s life cycle. An EPR policy 
is characterized by the shifting of responsibility (physical-
ly and/or economically; fully or partially) upstream toward 
the producer and away from municipalities; and the provi-
sion of incentives to producers to take into account envi-
ronmental considerations when designing their products. 

This may sound like a powerful tool, but in Germany it 
is only valid with regards to packaging waste, batteries and 
WEEE. In addition, as mentioned earlier in connection with 
the management of wastepaper and plastics, actual prac-
tices and claims made are at times often characterized by 
significant discrepancies.

When considering these three approaches with a view 
to achieving increased sustainability, eventual overlaps 
should be addressed and reconciled.

Conclusions
    Waste prevention is invariably highlighted as a ma-

jor priority in the waste hierarchy, although it is frequently 
not sufficiently pursued, thus requiring the use of increas-
ingly concerted efforts. In this context, efforts should be 
directed specifically at minimizing energy consumption in 
CE and producing energy at the site of operation to reach 
energy independence. 

Since the export of used goods and separately collect-
ed paper and plastics to DCs represents a significant con-
tribution to CE balance in the exporting country (where it is 
counted as recycled), this aspect needs to be given careful 
urgent reconsideration. Failing this, these exports need to 
be stopped.

In conclusion, the authors propose to further develop 
CE by considering, in addition to other aspects, the meas-
ures proposed herein, aimed at increasing the transparen-
cy and completeness of CE with an approach which should 
never be ideologically driven.

Rainer Stegmann 
Hamburg University of Technology, Germany 
stegmann@tuhh.de

Tingting Liu
Beijing University of Technology, China
tingting.liu@bjut.edu.cn
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ABSTRACT
EuRIC, the European Recycling Industries’ Confederation, proposes five regulatory ac-
tions to enhance material circularity: i) Set stable regulations based on the principle 
of “one substance - one assessment” along with realistic, evidence-based scientific 
risk assessments; ii) Prioritise increasing waste collection for a better elimination of 
substances of concern to reducing the concentration limit in recycled products; iii) 
Strict enforcement of an Extended Producer Responsibility (EPR) scheme for all re-
stricted or banned substances, where exemptions should be carefully considered by 
evidence-based science; iv) Align the classification hazard systems used for waste 
materials with those used for products; v) Grant an end-of-waste status (EoW) at 
the output of a controlled, certified industrial loop. Those propositions create a level 
playing field for collection, sorting, and waste preparation within EU and an improved 
waste shipment. The underlying question is striking the right balance between 
the precautionary and responsibility principles in the circular economy.  Given the 
presence of hazardous “legacy” substances and the prolonged life of certain prod-
ucts within an evolving regulatory framework, the recycling industry proposes con-
trolled-risk solutions aligned with the intended use or recycled materials for products 
not yet ecodesigned. The recommendations suggest a shift in the waste definition, 
considering the fate of matter within the waste hierarchy – emphasizing prevention, 
management, and policy alignment with the principles of the circular economy. So, 
materials that can be prepared for reuse or recycling are categorized as pre-materi-
als, while those suitable only for other recovery methods such as energy recovery or 
landfilling are considered wastes.

1.	 INTRODUCTION
Is garden biomass matter brought by citizens to civic 

amenity centers a waste (which can only be transported 
and managed at waste licensed facilities with strict and 
costly administrative control) or is it a resource that can 
be used (after some preparation) as mulch, energy, or soil 
amendment? The situation may appear straightforward, 
but this question frequently arises in the day-to-day man-
agement of circular economy affairs in a recent case in 
France (Public debate about Hynovera project in 2023, per-
sonal communication), the biomass, possessing a waste 
status, would be prohibited from undergoing pyrolysis 
for synthetic fuel production. This limitation arises as the 
planned facility is not intended to function as a waste man-
agement facility.

Waste should be managed by risk in the modern circu-
lar economy, like products. Risk is the probability (amount, 

frequency) of effective harmful exposure to a hazard: risk = 
hazard x exposure of a target (Figure 1). A no-risk situation 
is more easily achieved by reducing exposure to the hazard 
than by reducing or removing a hazard. Risk reduction is 
easier than hazard reduction. Hazardous substances, while 
deemed or considered harmful, have or had utility owing 
to their physical, chemical, or biological properties. For in-
stance, lead compounds function as UV stabilizers in PVC 
window frames, enhancing their durability, and brominated 
flame retardants serve as essential safeguards against fire 
hazards. If these substances face prohibition, achieving 
zero concentration in recycled material may not always be 
feasible today due to their legacy presence in the waste.

The debate on hazard versus risk has become prom-
inent in legislative discussions concerning both products 
and waste, as evident in EuRIC (2023) examples. In this 
context, “products” refers to articles or preparations (mix-
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tures) classified under the Classification, Labelling, and 
Packaging of Substances and Mixtures (CLP) regulation 
(EC, 2008). The central question revolves around how to 
reasonably (finding a balance between advantages and 
disadvantages) control the risks associated with the pres-
ence of hazardous substances (toxic/ecotoxic) in prod-
ucts, whether sourced from virgin materials or recycled 
materials, and waste (which serves as the raw material for 
products).

Increasingly, there is a trend toward reducing con-
centration limits for numerous substances in products, 
independent of their intended use. Some substances are 
outright prohibited due to their classification as persis-
tent organic pollutants (POPs). In practice, a considerable 
number of substances will need to have concentrations 
reduced to zero or below the detection limits of chemical 
analyses, which themselves are continuously decreasing.

This approach is essentially a “no hazard” strategy 
rather than a risk-oriented one, aligning with a societal in-
clination toward the welfare state and a political tendency 
to safeguard public opinion by increasingly protecting citi-
zens against any potential hazard.

The adoption of “absolute risk,” “no risk,” or “worst-
case” approaches essentially translates to a “hazard-only 
equals no hazard” strategy. For the circular economy, this 
poses considerable challenges, reaching the point of mak-
ing it impractical to sort waste fractions with very low con-
centrations. Consequently, there are material losses in the 
recycling loop and increased costs for recycling processes, 
including downcycling, incineration, or landfilling of now 
non-recyclable fractions.

While the European Commission’s Eco-design for Sus-
tainable Products Regulation (ESPR) and the Chemical 
Strategy for Sustainability (CSS) aim for a “toxic-free” ap-
proach, addressing most hazardous substances in prod-
ucts, there are complexities introduced by legacy substanc-
es and the extended lifespan of certain products. Given 
the evolving regulatory landscape, the recycling industry 
suggests promoting controlled risk solutions for both the 
intended use and recycled materials in the interim.

This paper is a contribution to the discussion identified 
by the European Commission (EC) in 2018 (EC, 2018a): 
“reflection on the appropriate balance between the overall 
long-term benefits from circular use of these materials and 

the overall long-term health and environmental concerns re-
lating to substances present in that material.” and in 2020 
(EC, 2020a): “As a principle, the same limit value for hazard-
ous substances should apply for virgin and recycled materi-
al. However, there may be exceptional circumstances where 
a derogation to this principle may be necessary. This would 
be under the condition that the use of the recycled material 
is limited to clearly defined applications where there is no 
negative impact on consumer health and the environment, 
and where the use of recycled material compared to virgin 
material is justified on the basis of a case-by-case analysis.” 
EuRIC supports that approach and pledges for its complete 
and evidence-based scientific implementation.

The paper is structured around five propositions (sec-
tions 1 to 6), offering solutions to enhance material cir-
cularity from the perspective of recycling organizations. 
These propositions also yield additional benefits for waste 
shipment and contribute to a level playing field within the 
EU (section 7). As a natural outcome, there is a suggestion 
to reevaluate the definition of waste in alignment with the 
waste hierarchy (section 8). The conclusion underscores the 
necessity for a comprehensive societal debate (section 9).

The reader will find in EuRIC (2023) detailed citations, 
examples, numerical data and discussions that are pre-
sented only shortly here.

2.	 PROPOSITION 1: STABLE REGULATIONS 
BASED ON “ONE SUBSTANCE – ONE ASSESS-
MENT” AND REALISTIC SCIENCE-BASED 
RISK ASSESSMENTS

The foundation of the waste management proposal, 
whether hazardous or not, based on risk in the intended 
use, is outlined in the Introduction section. This section 
delves into critical aspects, including (i) transitioning multi-
ple substance regulations, (ii) reassessing substances, (iii) 
realistically evaluating risk in intended use rather than haz-
ard, and (iv) emphasizing the necessity for a responsible, 
science-based policy rather than a political, conservative, 
precautionary-based approach, all from the standpoint of 
the recycling industry. The utilization of the SCIP (Sub-
stances of Concern In Products) database and the poten-
tial to mitigate certain hazard properties of materials are 
subsequently explored.

FIGURE 1: Illustrating the concept of “no exposure” signifies the absence of risk, emphasizing a hazard-free approach. (Madelung, 2023).
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2.1	Recyclers have to face multiple and moving reg-
ulations of substances and materials

Waste legislations, including specific Directives or Reg-
ulations, persistent organic pollutant (POP) legislation, and 
product legislations, undergo revisions every five years. 
Typically, these revisions involve the introduction of new 
substances and a reduction in concentration limits or a 
ban on hazardous substances in products and recycled 
materials.

To address the challenge of substances regulated 
across multiple pieces of legislation (while not necessar-
ily addressing the continuously decreasing concentration 
limits), the European Commission has introduced the “one 
substance – one assessment” method (EC, 2019; EC, 
2020a), which is discussed further below.

2.2	Many substances are currently not accurately 
assessed by their producers, and a significant num-
ber undergo re-assessment by the European Chem-
icals Agency – ECHA

An example is found in the brominated substitutes for 
regulated brominated flame retardants (BFRs) in plastics 
used in electrical and electronic equipment (Hennebert, 
2021). The comprehensive status of the 34 substances in 
producers’ catalogs and in the ECHA and industry list of 
plastics additives is as follows: 12 substances lack a dos-
sier, 10 substances lack hazard statement(s) (6 are under 
reassessment by ECHA as “persistent, bioaccumulative, and 
toxic” - PBT, future persistent organic pollutants (POPs), and 
as “endocrine disruptor” - ED), and 12 substances have com-
plete dossiers (2 are under reassessment as PBT or ED). 
Among the 7 substitutes on the ECHA-industry list of plastic 
additives (non-POPs, non-regulated BFRs), all but one have 
no declared hazard statement(s), and all are currently being 
re-evaluated by ECHA (3 as PBT, 2 as ED, and 2 as PBT + ED).

As the premise for reassessment is based on poten-
tial hazard (due to chemical similarity), these 7 substances 
could likely be assessed in the future as PBT (POP) and/
or ED, potentially leading to restrictions. Plastics produced 
today with these additives will likely face challenges in re-
cyclability, resulting in “regrettable substitution” and the 
creation of new “legacy” substances. Proposition 3 could 
address this issue.

Chemicals are initially assessed as pure substances, 
first for hazard, and then hazardous chemicals are either 
banned or evaluated for risk in their intended use (with a 
given concentration in “mixtures or preparations”) for au-
thorization, potentially with limiting concentrations.

In addressing concerns related to the inaccurate as-
sessment of chemical substances, the European Chemi-
cals Agency (ECHA) has implemented a “generic approach 
to risk management” (EC, 2020a). This approach initiates 
predefined risk management measures, such as packaging 
requirements, restrictions, and bans, based on the hazard-
ous properties of the chemical and general considerations 
of their exposure. Initially focused on carcinogenic sub-
stances, it has seen limited exemptions defined by law. 
The intention is to expand its application to include other 
harmful chemicals, such as those impacting the immune, 

neurological, or respiratory systems, as well as chemicals 
toxic to specific organs (EC, 2020a).

However, experts like Bridges et al. (2023) express 
concern that this approach may overemphasize hazard 
assessment without sufficiently considering exposure es-
timates and risks to both humans and the environment. 
They argue that a sustainable chemical assessment 
should encompass both hazard and exposure estimate 
and express reservations about relying solely on qualitative 
hazard assessments. They emphasize the importance of 
evaluating potency, a critical aspect of hazard assessment. 
Furthermore, they underscore the significance of adopting 
a weight-of-evidence approach and suggest the necessity 
for a more comprehensive and practical strategy for chem-
ical risk assessment. 

The data utilized for risk assessments must reflect 
realism, considering factors such as ingestion rate and 
transfer rate. A discussion on a practical assessment of 
carcinogenic polycyclic aromatic hydrocarbons (PAHs) in 
tyre granules is presented in (EuRIC, 2023). The substantial 
benefits of reducing social costs and environmental bur-
dens through a realistic risk assessment are noteworthy 
(EuRIC, 2023).

The position of the recycling industry is that the “One sub-
stance – one assessment” principle should not be oversim-
plified and reduced to merely assessing “hazard to humans.” 
Instead, it should remain a scientifically realistic risk ap-
proach tailored to the intended use(s). The Chemical Strategy 
for Sustainability (EC, 2020a) should not alter this perspec-
tive, and recovered material should adhere to this method.

2.3	The circular economy must be a science-based 
policy

A risk-based approach is grounded in science and 
should rely solely on scientific data. The emerging social 
science question is... “How to reconcile scientific evidence 
with other forms of evidence, and with the various polit-
ical, societal and other non-scientific factors that inform 
the process of governance?... In order to strengthen the 
role of science in European governance, the creation of a 
pro-science climate at all levels of the institutions, business 
circles and civil society is urgently needed… A conservative, 
precaution-based approach to assessment has taken hold, 
hindering access to innovative products and techniques… 
Science is becoming increasingly subjective and politicised, 
a trend that risks eroding public trust in the EU, undermining 
its legitimacy as well as its capacity to address the challeng-
es…” (Guégen and Marissen, 2022). The authors discuss 
“how evidence-based and science-based decision-making 
can be further integrated into the EU decision-making pro-
cess”, in particular that scientific assessment conduct-
ed at EU level (frequently by the Joint Research Centre) 
should be validated by policy-makers and published before 
decision. To promote science in the management of sub-
stances, the same authors propose a dialogue between 
the professional circles and the NGOs. The dialogue is 
nevertheless open: in the European Green Deal (EC, 2019), 
section 2.1.8 “A zero pollution ambition for a toxic-free en-
vironment: The Commission will review how to use better 
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the EU’s agencies and scientific bodies to move towards a 
process of ‘one substance – one assessment’ and to pro-
vide greater transparency when prioritising action to deal 
with chemicals.”. In the communication “Chemicals Strat-
egy for Sustainability Towards a Toxic-Free Environment” 
(EC, 2020a), it is stated that a different limit value could 
apply for recycled material in clearly defined applications 
where there is no negative impact on consumer health 
and the environment (full citation in the Introduction).

EuRIC, or recyclers at large, shall not conduct risk as-
sessments. The responsibility for assessing the risk of 
substances in articles or materials that eventually become 
waste or pre-material lies with the producers. EuRIC relies 
on the risk assessments conducted by producers for their 
specific uses. In cases where waste or pre-material com-
prises a mixture of different origins, recyclers shall provide 
data on the total concentration of substances and their 
distribution in the material streams for a given use. Some 
distributions of contaminants are presented in Section 3.1.

The EU Waste Framework Directive mandates produc-
ers to document the presence of substances of very high 
concern (SVHCs) in articles or complex objects (products) 
in a new database called SCIP, launched online in January 
2021. Articles containing SVHCs from the Candidate List at 
concentrations above 0.1% w/w, placed on the EU market, 
must be recorded. Unfortunately, for the recycling industry, 
this database is of limited use (Friege et al., 2021). Com-
position data in SCIP is available by item parts, making it 
challenging to convert to the composition of an unsorted 
or sorted waste stream. To be valuable for the recycling in-
dustry, an extraction tool based on product categories and 
materials (typically polymers) should be developed.

2.4	Proposition #1
Regulating substances in products and waste through 

a risk-based approach involves establishing concentration 
limits for the use of substances in products and recycled 
materials. This is achieved through a realistic scientific 
assessment of the risks associated with the intended use, 
considering not only the hazard of toxicity to humans but 
also considering the climate and energy balance in the cir-
cularity of materials.

Recycled materials containing (legacy) substances of 
concern should be authorized for use with concentrations 
that may be higher than those permitted for virgin prod-
ucts, particularly in controlled loops. This approach aligns 
with a balanced risk-based and circularity perspective, en-
compassing the savings of virgin materials and reduction 
of CO2 emissions.

3.	 PROPOSITION 2: A MORE EFFECTIVE 
ELIMINATION OF SUBSTANCES OF CON-
CERN (SOC) CAN BE ACHIEVED BY INCREAS-
ING THE COLLECTION RATE OF MATERIALS 
RATHER THAN BY LOWERING THE SOC CON-
CENTRATION IN RECYCLED MATERIALS

This section demonstrates that increasing the collec-
tion rate sorts out more banned or controlled substances 

than reducing the concentration limits in recycled products, 
due to the distribution of contaminants skewed by some 
large “nugget” values. Such distributions are first illustrat-
ed. The effect of reducing the concentration limit and of 
increasing the collection rate depends on this distribution 
and are then presented.

3.1	To eliminate substances in material loops: Is it 
more effective to increase the collection of materi-
als (i.e., waste) or lower the concentration in recy-
cled material?

Twenty histograms depict the distribution of charac-
teristics in (potentially contaminated) natural media such 
as soil and sediments, as well as (unprocessed and pro-
cessed) waste (EuRIC, 2023, with references to additional 
published examples). These distributions are often skewed 
by some high values that prove critical for the mean con-
centration or value. Non-normal distributions are observed 
in natural media, but human activities contribute to the cre-
ation of highly concentrated portions (hot spots), signifi-
cantly increasing the spatial, temporal, or batch variability 
of many characteristics. This situation is further exacerbat-
ed in waste, where many parts frequently have low or zero 
concentration, and a few parts exhibit high concentrations 
(Figure 2).

An important initiative within the recycling industry in-
volves developing and implementing methods to identify 
and separate components with undesired substances that 
exceed concentration limits. It is evident from the data 
that, because of these skewed or asymmetric distribu-
tions, removing the last percentiles from a population sig-
nificantly reduces the average concentration. Determining 
the relative impact of increasing material collection versus 
decreasing the concentration limit in recycled material on 
the removal of substances of concern from the material 
loop is not straightforward. The response depends on the 
distribution of concentrations of legacy contaminants in 
different particles of waste. A theoretical calculation illus-
trating the relative effects of lowering the concentration al-
lowed in recycled products or increasing the collection rate 
is presented. Assuming a realistic distribution where 90% 
weight/weight have 0 mg/kg and 10% w/w have a 10% con-
centration of a substance of concern (SoC), equivalent to 
100,000 mg/kg, the mean concentration of the batch is 1% 
or 10,000 mg/kg. The initial collection rate is 50%, and the 
initial concentration allowed in recycled material (concen-
tration limit – CL) is 1,000 mg/kg. The effects of reducing 
the SoC concentration allowed in recycled material by 50% 
and increasing the collection rate of the waste by 50% are 
detailed in the Supplementary Information and presented 
in Figure 3.

The persistence of Substances of Concern (SoC) com-
prises the SoC in the recycled fraction (green) and the SoC 
in the “other fate” fraction (grey). Reducing the SoC con-
centration limit by 50% results in a 0.5% decrease in the 
mass of recycled waste (from 455 kg to 452.5 kg/tonne 
of waste) and a 4.5% reduction in SoC persistence (from 
(0.5+5) to (0.25+5) kg SoC/ton of waste). Increasing the 
collection rate by 50% leads to a 50% increase in the mass 



7P. Hennebert et al. / DETRITUS / Volume 26 - 2024 / pages 3-14

of recycled waste (from 455 kg to 682.5 kg/tonne of waste) 
and a 40.9% reduction in SoC persistence (from (0.5+5) to 
(0.75+2.5) kg SoC/ton of waste). The non-linear effects of 
reducing the concentration limit and increasing the collec-
tion rate are attributed to the asymmetric distribution of 
additives or contaminants in the waste streams, distorted 
by some high values, with a majority of low or zero-value 
parts. The conclusion is that increasing the collection rate 
significantly reduces the persistence of SoC in material 
loops compared to reducing the concentration limit, em-
phasizing the need to prioritize efforts on increasing the 
collection rate. Producers and importers, who have profited 
from these goods, should assume greater responsibility for 
handling substances of concern, and the initial step is to 
enhance the collection rate. 

Meanwhile, the everyday solution employed by the re-
cycling industry to address the presence of hazardous 
substances in materials involves removing the fraction 
containing the hazard, especially when the contaminant is 
not uniformly distributed among the particles of the shred-
ded waste. Examples of this approach include the selective 
dismantling of Waste Electrical and Electronic Equipment 
(WEEE) and End-of-Life Vehicles (ELV), as well as the sort-
ing of plastics from WEEE by density to eliminate banned 

flame retardants. Other solutions for some cases are to 
remove some hazard properties - HPs (Hennebert, 2022):

•	 HP 4 ‘Irritant’ and HP 8 ‘Corrosive’ by acidity or alkalini-
ty: acid/base neutralisation including passive or active 
carbonatation

•	 Reducing or oxidizing waste: redox neutralisation 
•	 HP 9 ‘Infectious’: sterilisation
•	 HP 14: if the waste does not have a near-neutral pH 

(pH 5.5-8.5), the share of ecotoxicity due to acidity or 
alkalinity and the associated soluble metals can be re-
duced up to non-active concentration by neutralisation 
and precipitation of metals of the waste. This must be 
done on the waste stream or batch and not (only) on 
the laboratory sample.

•	 HP 15 ‘Waste capable of exhibiting a hazardous prop-
erty not directly displayed by the original waste’: recom-
mendations for safer backfilling of some waste can be 
found in Hennebert (2022).

These methods, however, have limitations, and it’s not 
always possible to eliminate all hazardous substances. In 
the case of sorting, with current technologies, achieving a 
zero concentration cannot always be guaranteed.

FIGURE 2: Particle concentration of bromine in waste of electrical and electronic equipment (WEEE) plastic scraps (left), mean concentra-
tion of bromine in the cumulated fraction of particles (right) with the mean cumulated concentrations of the 50th, 75th, 90th, 95th, 97.5th, 
99th and 100th percentiles of the particles. The normal distribution with same mean and s is indicated (red line), clearly not fitting. Upper 
figures: plastics after shredder. Lower figures: plastic after density (1.08 kg/liter) sorting (Hennebert and Beggio, 2021).
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3.2	Proposition #2
Effective elimination of prohibited or regulated sub-

stances is achieved more efficiently by increasing the 
waste collection rate. In heterogeneous mixed waste, 
where the concentration distribution of certain parts is 
skewed, enhancing the collection rate proves to be more 
efficient than reducing the concentration limit in recycled 
material.

4.	 PROPOSITION 3: EXTENDED PRODUCER 
RESPONSIBILITY FOR THE HAZARDOUS, 
RESTRICTED, BANNED, REASSESSED SUB-
STANCES AND EXEMPTIONS

To ensure effective control of regulated substances in 
material loops, it is imperative for the producers or import-
ers of products containing controlled substances to take 
responsibility for those substances. Producers and mar-
keters must be aware of the composition of their products. 
When a substance is restricted or banned, the establish-
ment of an Extended Producer Responsibility (EPR) or-
ganization should be mandated. This organization would 
be responsible for funding the efficient tagging, identifica-
tion, separate collection, sorting, and management of the 
portions of any waste stream containing these substanc-
es. Products and waste containing these substances can 
then be identified, and their management can be financially 
supported. The recycling industry can play a crucial role in 
assisting the EPR body. An additional and related aspect 
pertains to the property of recycled material. The scope of 
the Extended Producer Responsibility (EPR) system can be 
financial or both financial and organizational, as explicitly 
outlined in the Waste Framework Directive (WFD). Howev-
er, the WFD does not explicitly include the case of an EPR 
system with financial, organizational, and operational ac-
tions. Furthermore, the ownership of recycled material is 
not defined in the WFD. EuRIC’s experience indicates that 
EPR systems that tend to be operational often appropriate 
the recycled material. This situation eliminates real compe-
tition when an EPR has received a public mandate, some-
times acquiring a financial and organizational monopoly. 
This may lead to the selective and unequal appropriation 
of only valuable materials, which can be resold exclusively 

to members of the EPR system, affecting all producers and 
products without discrimination to prevent “cherry-picking” 
within a product family:

•	 either a company or companies organize their own 
take-back system, without a public mandate,

•	 either an EPR system receives financial and/or organ-
isational power from the public authorities, according 
to contractual specifications with the authorities. This 
private law entity acts on the basis of an approval, that 
is to say a public mandate. 

“No entity mandated by a public authority to manage a 
waste stream and being a total or partial monopoly by law 
can have an operational role on the market it manages and 
oversees. This a blatant breach of equality resulting from 
the abuse of a dominant position with private recycling com-
panies, which must compete through tender procedures to 
obtain a share of the market falling under the scope of the 
EPR Schemes.” (EuRIC, 2022).

No EPR organisation acting under a public mandate 
should carry out recycling operations and capture (valua-
ble) recycled material itself.

EPR systems, when granted a public mandate, are often 
licensed as a hybrid entity, operating as both a non-profit or-
ganization and a for-profit company in EU Member States. 
This dual role raises questions about their potential involve-
ment in operational activities, such as owning or co-own-
ing recycling plants or participating in material capture. 

Some manufacturers or marketers wish to regain via 
EPR ownership of the recycled material, even though they 
relinquished this ownership (against payment) when sell-
ing the articles, and this payment in fact includes now the 
net cost of recycling that the recyclers have negotiated for 
long, with or without an Extended Producer Responsibility 
eco-organization. Note that this claim has variable geom-
etry: for instance, it does not address plastics that are not 
recyclable today, including plastics containing brominated 
flame retardants that were formerly authorized but are now 
POP and not recyclable. As everyone knows, certain parts 
have market value once processed by recyclers, and others 
have no recovery or are hazardous waste that must be de-
stroyed or stored by specialized companies, and are there-
fore costs. Picking the best cherries is pleasant at first 
glance but economically disastrous for the recycler. The 

FIGURE 3: Theoretical calculation illustrating the impact of decreasing the concentration limit of a substance or increasing the collection 
rate of waste on the quantity of recycled material (left) and the amount of sorted-out and destroyed (CL) substance (right).
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seller has sold: he cannot claim new ownership. Eco-or-
ganizations receive a public mandate. Collecting the cost 
of recycling from the consumer on a public mandate and 
paying it back to the recycler does not make the eco-organ-
ization(s) the owner(s) of the recyclate(s). This principle of 
reality must be installed as a principle of collaboration and 
law for all circular economy loops.

EuRIC asserts the need for representation of the recy-
cling industry within the governing body of EPR Schemes. 
Any EPR organization must adhere to Articles 8 and 8a of 
the WFD, which mandate the organization of collaboration 
among all stakeholders, including waste players at each 
stage. Numerous passages in the WFD emphasize the 
involvement and collaboration of all actors, including the 
recycling industry.

Building a robust circular economy necessitates a fair 
sharing of value between EPR organizations and collec-
tors/recyclers. EPR organizations should not relegate the 
recycling industry to mere subcontractors but engage in 
a partnership characterized by an industrial project with 
long-term objectives. This relationship should not reflect 
the unbalanced dynamics observed between supermarket 
purchasing centers and the agri-food industry/farmers.

4.1	Proposition #3
Extended Producer Responsibility (EPR) should be es-

tablished for all substances subject to restrictions, bans, or 
reassessments, with exemptions carefully evaluated based 
on evidence-based science. EPR organizations operating 
under a public mandate should not engage in recycling op-
erations or directly capture valuable recycled materials.

5.	 PROPOSITION 4: HARMONISATION OF 
WASTE HAZARD CLASSIFICATION WITH 
PRODUCT CLASSIFICATION

Substances may have hazard statement code attribut-
ed by the notifier to ECHA, or by ECHA. Mixtures and prepa-
rations (called here “products”) have hazard classification 
and labelling if the individual or summed concentrations of 
substances with hazard statement codes exceed concen-
tration limits. Classification of waste as hazardous or not 
for 15 hazard properties HP 1 to HP 15 is first defined in 
the European list of waste (hazardous, non-hazardous, or 
“mirror entry”, meaning hazardous or not depending on the 
concentration of hazardous substances in the waste or on 
tests results, that must be assessed on a representative 
sample). A guidance document is available (EC, 2018b) 
and practical solutions for classification are presented in 
Hennebert (2019). Note that the summation rules of con-
centrations and the concentration limits are not always the 
same between products and waste. Two problems of clas-
sification should be improved.

5.1	Waste classification by « worst case » substanc-
es

Laboratory analyses provide total element concentra-
tions and not concentrations of element-containing sub-
stances, except for some limited cases with specific ana-
lytical methods (such as lime CaO or chromium VI). Since 

hazard statement codes are assigned to substances and 
not to elements, it is necessary to speciate the elements 
into mineral or organo-mineral substances, often relying on 
hypotheses.

Some classifiers, by precautionary principle and lack of 
knowledge of the waste science (processes, mineralogy, 
composition, physico-chemical domain of stability of sub-
stances) use the most hazardous mineral or organo-miner-
al substances to speciate an element. That method does 
not correspond to the reality of the waste (excepted some 
industrial waste that are intermediate in the chemical in-
dustry and do not join the common waste flows) and in-
correctly classifies the waste as hazardous. More scientific 
methods are available, using physicochemical information, 
process information and avoiding hazardous intermediate 
substances from chemical industries that are not found in 
waste, to have a more realistic assessment (Hennebert, 
2019).

5.2	Classification of HP 14 ‘Ecotoxic’
5.2.1	The use of multiplying factors for the concentration of 
the ecotoxic substances 

To avoid discrepancy between waste and products, the 
multiplying factors of the concentration of the most eco-
toxic substances (so-called M-factors, acute and chronic) 
should be used for the calculation of the sum of weighted 
concentrations of ecotoxic substances for HP 14. Many 
M-factors are available in the harmonised classification of 
substances (published by ECHA as an Excel file) and oth-
er M-factors have been published (Hennebert et al., 2014, 
2016).

5.2.2	Assessment of HP 14 ‘Ecotoxic’ by tests 
The establishment of a validated European battery 

of ecotoxicological tests has been a longstanding topic. 
Currently, there are approximately 25 proposed tests and 
concentration limits (not an exhaustive list, as detailed in 
Hennebert, 2018). Building on a European interlaboratory 
trial conducted in 2006 and published in 2009 (Moser and 
Römbke, 2009), along with the associated test battery (Mo-
ser et al., 2010), a standardized battery applicable across 
all European countries is proposed. This battery includes 
six normalized tests, excludes variants and options, and 
features validated concentration limits determined by a 
group of 23 waste samples, both non-hazardous and haz-
ardous, serving as a reference method based on both list 
and chemical composition. It is recommended to utilize 
only this battery, without modifying the sample (such as 
neutralizing the leachate), without incorporating options 
that may introduce high inter-laboratory variability render-
ing the results unusable (Hennebert et al., 2022).

5.2.3	Human and environmental bioavailability of substanc-
es

The assessment of waste should consider the bio-
availability of the substances (EU 2017, 2018). According 
to ECHA guideline: “In general, there are no specific envi-
ronmental test methods developed to measure biological 
availability of substances or mixtures.” (ECHA, 2017). Bi-
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oavailability of elements and substances of waste is not 
measurable “in general”. The bioavailable fraction is not 
limited to the (de-ionised water) leachable fraction: inges-
tion, inhalation, dermal contact are significant routes of 
exposure. It seems today that the best method to assess 
bioavailability for classification for ecotoxicity (HP 14) is 
to use a battery of biotests with validated concentration 
limits by matching with a reference method, as explained 
above (Hennebert 2019). The assessment of ecotoxicity of 
waste by a 1000 times diluted leachate of the waste (10 
000 l/kg rather than 10 l/kg) is not relevant: the dissolu-
tion of 100 mg of element/l (corresponding to 10 000 l/
kg) is a method to attribute hazard statement code to sub-
stances with element as ecotoxic acute or chronic level 1 
to 4 (ECHA, 2017), and not to classify a mixture. Published 
data indicates that method classifies only one waste from 
81, while the classical method classifies 50 wastes as haz-
ardous, from the same set of 81 data (recalculated from, 
Hennebert 2018).

5.3	Proposition #4
Hazard classification of mixtures of substances in 

products and wastes: Progressively align the waste classi-
fication with the product classification, especially for HP 14 
“Ecotoxic” hazard property, considering varying degrees of 
ecotoxicity (by M-factors), and advocate for the adoption 
of an EU laboratory test battery with validated concentra-
tion limits.

EuRIC suggests that DG ENV initiate a working group 
on harmonized classification through ecotoxicological 
tests applicable in EU countries, incorporating validated 
concentration limits.

6.	 PROPOSITION 5: TACIT END-OF-WASTE 
STATUS AT THE OUTPUT OF A CONTROLLED 
CERTIFIED INDUSTRIAL LOOP
6.1	The implementation of the end-of-waste has 
slowed down

According to many authors (as in EC, 2020b): “Howev-
er, now 10 years after its legal formulation [2008], it is clear 
that the implementation of end-of-waste has failed in most 
countries, for many reasons. First of all, at the EU level, end-
of-waste criteria have only been defined for three different 
waste types: iron scrap, copper scrap and glass cullet. This 
despite the fact that the EU Joint Research Centre has de-
veloped criteria for several other waste types, such as pa-
per, plastic, compost and aggregates. Many end-of-waste 
proposals have been halted since it has proven difficult for 
member states to reach an agreement.” (Johansson and 
Forsgren, 2020). Member States have further implemented 
the process, but it has halted or at least slow down since 
2016 (France, UK). The reasons are: excessive slowness, 
excessive precautionary principle, a part of arbitrary com-
mission “expert” judgment who’s some can be opposed to, 
delegation to local authorities that have not always the ex-
pertise, single waste by single waste approach with individ-
ual (small business) demanders that have not always the 
resources for best quality dossiers… Some propositions to 
improve this situation are presented in EC, 2020a.

6.2	Proposition to circumvent/solve the halting of 
EoW: “non-waste”, “waste use potential”, “certified 
material”, “non-waste product”, “secondary raw ma-
terial”

The revised Waste Framework Directive (EU, 2018) 
states in recital 17 and article 6(1) that secondary raw 
material should have the end-of-waste status: “In order to 
provide operators in markets for secondary raw materials 
with more certainty as to the waste or non-waste status of 
substances or objects and to promote a level playing field, 
it is important that Member States take appropriate meas-
ures to ensure that waste that has undergone a recovery 
operation is considered to have ceased to be waste if it 
complies with all the conditions laid down in Article 6(1) of 
Directive 2008/98/EC as amended by this Directive.”. The 
criteria for achieving end-of-waste status include a defined 
purpose, a corresponding demand, adherence to techni-
cal requirements, and the absence of adverse effects in 
the intended use. Given that secondary raw materials (or 
preferably called, raw materials from recycling) are inher-
ently produced for a specific purpose, meet demand, and 
satisfy technical specifications while ensuring compliance 
with regulations safeguarding human health and the envi-
ronment, these materials should, in principle, be eligible for 
end-of-waste status at the national and, ideally, EU levels. 
Member States or the EU should confer this status when 
waste has undergone a recovery operation.

Twenty-six years ago, the need for inclusion of resource 
in the definition of waste was already stressed (Bontoux 
and Leone, 1997; Pongrácz and Pohjola, 1997). The ex-
perts of EU Joint Research Centre JRC proposed in 1997 
a report to the European Parliament “The Legal Definition 
of Waste and its Impact on Waste Management in Europe” 
with a section “5. Towards a distinction between waste and 
non-waste… All the issues presented above show how cru-
cial the distinction between waste and non-waste can be for 
all the actors. On the one hand, a legitimate concern from 
the legislator exists to ensure the proper handling of wastes, 
avoiding negative impacts on the environment and on public 
health (i.e. reducing risk). On the other hand, the legislation 
must promote the recovery of resources, preserve the Sin-
gle Market and obey international obligations (World Trade 
Organization and Basel Convention)”. National approach-
es are detailed and a list of criteria for non-waste was 
proposed (Bontoux and Leone, 1997). One of the recom-
mendations of the authors is “To apply a risk assessment 
approach to the broad issue of shipment and handling of 
waste. However, this is closely linked to the processes used, 
and as such related to the technical state-of-the-art. Cer-
tification of facilities, processes and operators could be a 
way to promote and ensure the development of “best waste 
management practices.”. The authors, in fact, proposed the 
establishment of an end-of-waste status for the recovery 
of resources in certified industrial recycling industries 26 
years ago, as outlined in this section of the paper.

Pongrácz (2002) states that ““waste” means any sub-
stance or object which has been used in a step, which can-
not, in its current state and under current technical and eco-
nomic conditions, be reused for the same functions or as 
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material (except backfill) in another step of a circular flow, 
and which the holder discards or intends or is required to 
discard … The main aim of waste management besides 
waste evasion is turning wastes to non-wastes”.

Since then, other options were investigated. Waste use 
potential, a dossier that explains all the possibilities and 
the qualities of a waste, should promote waste as resourc-
es, not changing the actual waste definition (van Ewijk and 
Stegemann, 2020). Another option to escape to the dichot-
omy waste/product is to produce material with (quality) 
technical certificate co-defined by the producers and the 
users (Johansson and Forsgren, 2020; Johannson, 2022). 
The approach of compliance with quality standards has 
been largely used in UK with the name “Quality Protocol” 
using the new category of “non-waste product” (UK 2023a). 

The terms “non-waste,” “certified material,” “non-waste 
product,” “secondary raw material,” or “pre-material” should 
be considered as having a product status. The potential 
hazardous nature of a waste alters safety requirements 
and the level or intensity of preparation operations but does 
not change the nature of these operations. The straightfor-
ward approach is that, once it exits the modern collection 
and recycling facilities, the material should be treated like 
any other raw material and enjoy the end-of-waste status 
(Hennebert, 2023).

In a report for the European Commission (EC, 2020b), it 
is proposed that the economic operators take the respon-
sibility of the end-of-waste status, without prior approval by 
the authorities, and with ex-post control if necessary: “Sim-
plifying certain aspects of the decision-making process by 
referring to the ‘ex-post’ assessment of the EoW decisions 
taken by the economic operators.” (p 131).

In France, the tacit (implicit) end-of-waste status by 
production installations exists since 2016 (MEDDE 2016). 
There is in 2023 a project of law “for the green industry” to 
allow waste managers to self-declare the end-of-waste of 
their material (with the same conditions as in the Waste 
Framework Directive) without prior approval by the admin-
istration, that can ex-post control their actions, including 
on requirement of NGOs or industries. That proposition is 
in line with the Article 6(1) of the WFD (EU 2018) which 
states: “Member States shall take appropriate measures to 
ensure that waste which has undergone a recycling or other 
recovery operation is considered to have ceased to be waste 
if it complies with the following conditions…“ and with line 
with the Article 6(4) which states: “Where criteria have not 
been set at either Union or national level under paragraph 
2 or 3, respectively, a Member State may decide on a case-
by-case basis, or take appropriate measures to verify, that 
certain waste has ceased to be waste on the basis of the 
conditions laid down in paragraph 1…”: “verify that certain 
waste has ceased to be waste” means that the regional 
producers or a single producer can claim the end-of-waste 
status and the authority checks whether the conditions are 
met. Ex-post decision making would fall under the category 
of appropriate measures of articles 6(1) and 6(4).

6.3	Proposition #5
EU-wide tacit end-of-waste status for the material sup-

plied by certified industrial recycling facilities.

7.	 FURTHER ADVANTAGES OF THESE 5 
PROPOSITIONS
7.1	Simplified EU waste shipment

Trans-boundary waste shipments are essential be-
cause not all countries possess the necessary waste treat-
ment technologies. If a waste shipment is not prohibited, it 
must comply with either:

•	 ‘green list’ waste controls (also known as Article 
18 controls), which are simplified controls for most 
non-hazardous materials, or

•	 notification controls (sometimes known as ‘amber list’ 
controls, typically hazardous waste), which require con-
sent from all the competent authorities involved before 
it can be shipped.

In this latter case there are 12 administrative steps to 
receive a decision of notification (UK 2023b). Additional-
ly, the classification of waste (as hazardous or not) dif-
fers from one EU country to another, and even between 
regions of a country like Germany. With the 5 propositions 
of this paper, the waste shipment between certified indus-
trial recycling facilities will be eased. The implicit/tacit 
end-of-waste status for materials potentially upon enter-
ing but certainly at the output of an industrial recycling 
facility will reduce administrative burden and divergent 
national/regional interpretation for transport of the mate-
rial to be recycled. As a first step, waste transport should 
be improved by the so-called “fast-track” system.

7.2	EU Level playing field of waste management
The implementation of waste regulations varies across 

Europe, leading to unequal business conditions. The annu-
al assessment of environmental regulation implementa-
tion in the 27 countries highlights the need for progress in 
waste management in many Member States. The five prop-
ositions in this paper aim to establish a level playing field in 
collection, sorting, and preparation, promoting fair compe-
tition and enhancing waste collection and management in 
less advanced countries.

8.	 THE DEFINITION OF WASTE SHOULD 
ALIGNE WITH THE HIERARCHY OF WASTE 
PREVENTION, MANAGEMENT AND POLICY

‘Waste’ means any substance or object which the hold-
er discards or intends or is required to discard (EU Waste 
Framework Directive 2008-2018).

The EU waste regulation is designed to avoid human 
and environmental exposure to contaminants when dis-
carded. That exposure occurs typically in linear economy 
by littering and secondarily by incorrect landfilling. Waste 
has a legal status which aims to avoid the risks for the en-
vironment and public health if it is abandoned. The defini-
tion is based on the act of discarding, rather than the value 
of the material. Already in 2002, “The main aim of waste 
management besides waste leaks should be today turning 
wastes to non-wastes” (Pongrácz, 2002). In the circular 
economy, waste is collected in modern systems and treat-
ed in controlled industrial loops, so that there is virtually 
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no human and environmental exposure (the probability of 
exposure to the hazard, i.e., the risk, is very low). 

In the linear and low-tech circular economy, waste can 
be abandoned or stored and this is probably the reason 
why its regulation is dominated by the hazard approach 
and the precautionary principle. In the high-tech industrial 
circular economy (Figure 4), waste is a resource that must 
be managed by risk, and not be defined solely by the aban-
donment by its holder.

There are different propositions to define materials in 
the circular economy: “non-waste” (proposed in 1997 by 
Bontoux and Leone of the Joint Research Centre of the EU, 
and deepened by Pongrácz and Pohjola, 1997 and Pon-
grácz, 2002), “certified material” (Johansson and Forsgren 
2020), “non-waste product” (UK 2023a), “secondary raw ma-
terial” (EURIC 2019, 2020) and the related product status. 

8.1	Propositions of “pre-material” and new defini-
tion of waste

In compliance with occupational safety and health 
regulations and industrial standards during processing, 
and adhering to product regulations during its second life, 
the material transitioning into a secondary raw material, 
or pre-material, should be handled similarly to other haz-
ardous or non-hazardous raw materials (virgin). It should 
obtain the end-of-waste status upon entering the loop (as 
detailed in Section 6). 

It is proposed to create separate definitions of pre-ma-
terials (that are resources) and wastes (to be incinerated or 
eliminated) (Figure 5): 

•	 Pre-materials are materials that can be prepared for re-
use or recycled as material with end-of-waste status. 

•	 Wastes are matter that can only be used as a resource 
by other recovery, e.g. energy recovery, or that can only 
be disposed of. Waste is not defined by the action or 
intention of its owner to dispose of it.

9.	 CALL FOR A DEBATE ON WASTE MAN-
AGEMENT BY RISK
9.1	EU underlying principles of the discussion on 
hazard and risk: precaution versus responsibility

The underlying challenge is how to effectively manage 
contaminants while enhancing material circularity. An 
administrative approach, often tied to the precautionary 
principle and hazard-based methods, tends to favor incin-
eration and landfilling. On the other hand, a more liberal 
approach, rooted in responsibility, self-regulation, and a 
risk-based strategy, encourages reuse and recycling. Strik-
ing the right balance between a centralized precautionary 
stance (“The administration rejects due to potential haz-
ards to people and the environment...”) and a decentral-
ized approach that promotes industry-led, risk-conscious 
solutions for reuse or specific applications in secondary 
materials is a pressing question, as discussed in a report 
for the European Commission (EC 2020b): “The balance 
between the precautionary principle and the liberal market 
is kept differently in the different MS.” (p 20). “Risk control 
versus hazard control: The industry states that the check 
on hazardous properties of the substances contained by 
End of Waste and/or By-Products should be assessed in 
term of bioavailability and bio accessibility. In other words, 
does the substance represents a real risk for human health 
and environment during all the life cycle stages? A major 
focus could be laid on risk control/reduction rather than 
hazard reduction/control. Waste classification, however, is 
solely hazard-based. As a result, the EoW [end-of-waste] 
or BP [by-product] assessment by authorities tends to be 
a hazard-based approach. Often these authorities use the 
hazard control approach out of respect for the precaution-
ary principle, which is justifiable although it could hinder 
circular economy.” (p 130). “Simplifying certain aspects of 
the decision-making process by referring to the ‘ex-post’ 
assessment of the EoW decisions taken by the economic 
operators.” (p 131).

FIGURE 4: The circular economy and the corresponding status that materials/waste should have throughout the loop.



13P. Hennebert et al. / DETRITUS / Volume 26 - 2024 / pages 3-14

The ongoing discussion surrounding various prod-
ucts, materials, and waste could potentially find compre-
hensive solutions, particularly through the eco-design and 
“toxic-free” approach advocated by the European Com-
mission. However, given the persistence of legacy sub-
stances and the prolonged lifespan of certain products, 
the recycling industry (namely EuRIC, the European Recy-
cling Industries’ Confederation), suggests that solutions 
emphasizing controlled risk in the intended use should be 
endorsed.

9.2	Call for a European Cooperation in Science and 
Technology (COST) action to debate

A large debate among the industry, the policy mak-
ers, the representatives, the NGOs, the consumers, the 
academic people involved in waste, products, substanc-
es, social aspects and law is necessary to promote the 
principle of responsible risk and to control the unlimited 
principle of precaution. A COST (European Cooperation 
in Science and Technology) Action is an interdisciplinary 
research network that brings researchers and innovators 
together to investigate a topic of their choice for 4 years. 
COST Actions are typically made up of researchers from 
academia, SMEs, public institutions and other relevant or-
ganisations or interested parties. Are funded: meetings, 
workshops, conferences, technical visits, research visits, 
communications, web sites. The objective is to share the 
ideas of this paper, and hopefully bring them to live. Eu-
RIC participates in an initiative of the International Waste 
Working Group (IWWG), a scientific society, in the ongo-
ing project “PREMAT FORUM”, a forum to discuss waste 
management by risk and pre-material within the meaning 
of this paper.

10.	CONCLUSIONS
In the circular economy, the management of recycled 

materials based on risk in the intended use plays a crucial 
role. The recycling industry suggests five proposals to en-
dorse this approach, thereby fostering increased material 
recycling and facilitating waste shipment between certified 

industrial companies. These propositions could potentially 
warrant an EU-wide end-of-waste status for the material, 
potentially at the collection stage but certainly at the out-
put of the certified recycling facility. To align with its status 
as a valuable resource, the legal classification of discarded 
materials should be determined by its place in the waste 
management hierarchy: 

•	 Pre-materials: materials prepared for reuse or recycling.
•	 Wastes: materials only suitable for resource recovery 

(e.g., energy recovery) or disposal.

A COST (European Cooperation in Science and Tech-
nology) action is underway, led by the International Waste 
Working Group (IWWG, a scientific society) team, aimed 
at emphasizing the risk-based approach for waste man-
agement in the circular economy. The objective is to build 
consensus among stakeholders and enhance recycling 
practices.
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ABSTRACT
Municipal solid waste incineration (MSWI) fly ash (FA) contains toxic substances and 
hence, direct landfilling of MSWI FA is prohibited in Japan Complying with Japan’s 
stringent Waste Disposal and Public Cleansing Law, which demands adherence to 
landfill disposal and effluent standards, is crucial for ensuring environmental safety. 
To address the issue, various treatment methods including treatment by chemical, 
phosphoric acid, and melting and solidification can be used to stabilize the MSWI FA 
through the immobilization of heavy metals. However, the long-term stability of these 
treatment methods has not been thoroughly investigated. Therefore, the purpose of 
this study is to evaluate the long-term effectiveness of these three treatment meth-
ods for MSWI FA respectively, both independently and in conjunction with compost. 
This study involves the monitoring of changes in the concentration of heavy metals, 
including lead (Pb), cadmium (Cd), total-chromium (T-Cr), copper (Cu), and zinc (Zn), 
that have been leached over a period of 27 years. This study aims to conduct a de-
tailed analysis of the impact of various treatment methods on the concentration lev-
els of these individual heavy metals. Notably, the results suggest that independently, 
phosphoric acid treatment outperforms chelate treatment in the long run, but when 
combined with compost, both treatments exhibit enhanced efficacy, suggesting a 
promising approach for immobilizing heavy metals.

1.	 INTRODUCTION
Municipal solid waste incineration (MSWI) fly ash con-

tains potentially hazardous substances which are known 
to have harmful effects on ecosystems and human health, 
and their accumulation in the environment can pose long-
term risks (Mojtaba Ajorloo et al., 2022) (Yun Pan et al., 
2013). These hazardous substances originate from the 
municipal solid waste (MSW) that is incinerated, or formed 
during the combustion process (David Laner et al., 2012). 
In 2002, the world generated approximately 0.68 billion 
tons of municipal solid waste (MSW) in a year (Hoornweg 
Daniel, 2012). In less than two decades, it increased more 
than threefold by 2020 at an estimated 2.24 billion tons, 
and the annual MSW generation is expected to increase by 
73% to 3.88 billion tons in 2050 (BRIEF, 2022). As for Japan, 
the amount of municipal solid waste (MSW) generated has 
been gradually decreasing in 30 years according to data 
from the Ministry of the Environment of Japan. In 1991, Ja-
pan generated approximately 50.77 million tons of MSW 
(Ministry of the Environment, Government of Japan, 1995), 

whereas in 2020, the amount reduced to approximately 
41.67 million tons (Ministry of the Environment, Govern-
ment of Japan, 2022).

Although the statistics show a significant decrease of 
approximately 18% reduction in overall waste generated in 
the past three decades, Japan’s high population density 
and mountainous terrains poses the issue of the scarcity 
of available landfill space to dispose the cumulated MSW 
(Kosuke Kawai, 2016). Hence, the Government of Japan 
enforced stricter regulations through the revision of the 
Waste Disposal and Public Cleansing Law in 1991 as an 
effort to achieve waste volume reduction (History and Cur-
rent State of Waste Management in Japan, 2014). Inciner-
ation not only reduces MSW volume by approximately 85% 
to 90% and decreases the mass of original MSW by 60% to 
90%, it also has the advantage of energy recovery (Yuying 
Zhang et al., 2021) (Xiang-Guo Li et al., 2012). As a result, 
incineration became the most common method used to 
manage MSW in Japan up until today (Hiratsuka-Sasaki A., 
2020). In fact, with advance technology and environmen-
tally friendly incineration equipment, Japan is one of the 
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leading countries for waste incineration (Md Manik Mian 
et al., 2017).

However, MSWI essentially produces two-types of solid 
by-products, that is fly ash (FA) and bottom ash (BA) (Feng-
He Wang et al., 2015) (Margarida J. Quina et al., 2010). In 
general, MSWI FA is more dangerous than MSWI BA be-
cause it contains relatively higher proportion of hazardous 
substances that can have negative environmental impacts 
on air, water, and soil quality if not properly managed be-
fore landfill disposal (Evangelina Atanes et al., 2019) (Yun 
Pan et al., 2013) (David Laner et al., 2012). Some of these 
toxic elements released includes organic pollutants, and 
high levels of leachable toxic heavy metals (THMs) such 
as lead (Pb), cadmium (Cd), and chromium (Cr) (Rahman 
Zeeshanur, 2019) (Wan Chen et al., 2017). These THMs 
from the MSWI FA pollutes natural resources through lea-
chate accumulation from water-soluble chemicals mixing 
with the moisture present in the landfill, and hence, direct 
landfilling of MSWI FA is prohibited in Japan without effec-
tive immobilization of THMs (Hiroki Kitamura et al., 2016). 
The concentration of the THMs has to meet Japan’s landfill 
disposal criteria and effluent standards before landfilling 
(Ministry of the Environment, Government of Japan, 2015) 
(Shimaoka Takayuki, 1996). Various treatment methods are 
used to stabilize the MSWI FA by immobilizing the THMs to 
largely reduce the substantial amount of hazardous com-
pound in the MSWI FA. To address this issue, treatment 
methods including (1) cement solidification, (2) treatment 
by chemical, (3) acid and other solvent, and (4) melting and 
solidification can be used to stabilize the MSWI FA through 
immobilization of heavy metals (Zhikun Zhang et al., 2022) 
(Mojtaba Ajorloo et al., 2022) (Cao Yi-nan et al., 2021) 
(Zeyuan Liu et al., 2019) (Shimaoka Takayuki, 1996).

Cement solidification is the most common method for 
stabilizing MSWI FA in Japan due to its effectiveness in 
immobilizing hazardous contaminants and encapsulating 
them in the cement matrix (Pengfei Ren et al., 2022 ‘a’). 
However, the effectiveness of heavy metals immobilization 
is heavily influenced by the conditions of the treatment pro-
cess as well (Charles H. K. Lam et al., 2010). In the long-run, 
the pH value in the cement matrix will be affected by car-
bonation during natural aging, and the high concentration 

of toxic heavy metals in FA may result in physical deterio-
ration of the cement matrix, which increases the treatment 
cost, and also raises concerns on the long-term stability 
and durability of the cement-solidified MSWI FA (Bing Du 
et al., 2019).

Simultaneously, the long-term stability of alternative 
treatment methods (2), (3), and (4) have not been thorough-
ly studied. Therefore, this study was conducted for the past 
27 years to comprehensively investigate the long-term sta-
bility of the three treatment methods respectively. The aim 
is to assess whether the treated and landfilled MSWI FA 
will persistently produce harmful levels of leachate over an 
extensive duration. This analysis creates the opportunity 
to evaluate the potential for discontinuing ongoing landfill 
monitoring after a specified period. The MSWI FA samples 
in this study are from the same source treated with differ-
ent methods. After treatment, the samples are stored in 
large columns simulating the external environment that 
landfilled ashes are exposed to. The changes in concentra-
tion of heavy metals leached, particularly lead (Pb), cadmi-
um (Cd), total-chromium (T-Cr), copper (Cu), and zinc (Zn), 
were monitored for the past 27 years.

2.	 MATERIALS AND METHODS
2.1	Ash samples and pre-treatment methods

The MSWI FA used in this study is from the same 
source, and treated with different methods, namely che-
late treatment, phosphoric acid treatment, compost, com-
bination of compost and chelate treatment, combination 
of compost and phosphoric acid treatment, and melting 
and solidification (Table 1). After treatment, the samples 
are stored in columns simulating a semi-aerobic landfill 
structure which is widely used in Japan (Figure 1) (K. Mi-
yawaki et al., 2000). The top end of the column is exposed 
to natural rainfall, which seeps through the ashes, form-
ing leachate and the leachate is collected at the bottom 
of the column. The BAFACG group has a 60:20:15:5 ratio 
corresponding to BA: FA: Garbage: Compost. BAFA(U) and 
SMS has a 3:1 ratio for BA:FA whereas PMS has a 4:1 of 
BA to FA ratio. The rest of the samples are purely FA and 
BA respectively.

Column No. Sample Name Abbreviation

1 Bottom Ash + Untreated Fly Ash + Crushed Garbage + Compost BAFACG(U)

2 Bottom Ash + Chelate-treated Fly Ash + Crushed Garbage + Compost BAFACG(C)

3 Bottom Ash + Phosphoric-acid-treated Fly Ash + Crushed Garbage + Compost BAFACG(P)

4 Untreated Bottom Ash BA(U)

5 Untreated Fly Ash FA(U)

6 Untreated Bottom Ash + Fly Ash BAFA(U)

7 Surface melting slag Fly Ash + Bottom Ash SMS

8 Plasma melting slag Fly Ash + Bottom Ash PMS

9 Chelate-treated Fly Ash FA(C)

10 Phosphoric-acid-treated Fly Ash FA(P)

Where (U) = untreated, (C) = chelate-treated, (P) = phosphoric-acid-treated

TABLE 1: Fly ash with different treatment methods and its abbreviation.
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2.2	Sample Collection Method
The leachate (hereinafter effluent) was collected from 

the leachate tank annually since 1995 for column exper-
iment. As for ash collection, 2cm hole was drilled on 4 
collection points, at the depth of 90cm, 70cm, 50cm, and 
30cm as shown in Figure 1. 120g of ashes were collected 
from every point.

2.2.1	Sample Prepration
30g of ash samples were oven dried at 105°C for 24h to 

remove moisture for X-ray fluroscence (XRF) test, while an-
other 30g were oven dried at 50°C for 24h for X-ray diffrac-
tion (XRD) test. 10g of the 105°C oven-dried ash samples 
were further heated at 600°C for 2h to calculate the Loss 
on Ignition (LOI). The 50°C dried ash samples were manual-
ly grounded using the mortar and pestle until powder form 
was achieved for XRD test. Thin section for polarization 
microscopy and scanning electron microscopy with ener-
gy dispersive X-ray (SEM-EDX) spectroscopy were made 
with selected ash sample pieces of approximately 3mm to 
5mm in length, height, and width. The points to investigate 
were selected using polarized light microscopy.

To prepare for JLT-13 following Notification 13 of the 
Environment Agency, 500mL of super pure water were 
mixed with 50g ash sample to achieve a liquid to solid (L/S) 
ratio of 10, and shaken horizontally for 6h at 200 oscilla-
tions per minute. The samples were then filtered through 
a glass-fiber filter, followed by separating 50mL of the fil-
tered sample for analyzing. For column experiment, 500mL 
of leachate samples were collected from all ten columns. 
Similarly, the leachate was filtered through a glass-fiber fil-
ter and 50mL were separated for analyzing.

For both the column experiment and leaching test, 
5mL of 61% nitric acid (HNO3) was added to the 50mL 
of filtered sample prepared in a conical flask, which was 

left to evaporate until 10mL of solution remains using the 
HPR-4030 hot plate that was preheated to 150°C. Another 
5mL of 61% HNO3 was subsequently added to the 10mL 
solution. Glass lids were placed onto every conical flask 
before evaporating the solution again until 5mL remains. 
The 5mL solution was diluted with 1% HNO3 in a 50mL vol-
umetric flask. 

2.2.2	Analytical Methods
The chemical composition of MSWI FA were deter-

mined by using XRF spectrometer (Rigaku RIX3100). 4g of 
oven-dried ash samples were formed into pressed pellets 
by pulverization with a 4:1 ash sample to binder ratio. X-ray 
diffraction (XRD, MultiFlex, Rigaku) was applied for bulk 
mineral detection using Cu-K radiation within the 2-theta 
range of 2e75 and scanning step of 0.02 at the voltage of 
44 kV and the beam current of 30 mA. Phase identification 
was carried out using Jade (v. 6.1) and PDXL (v. 2.1.2.0) 
software packages. Subsequently, the mineral composi-
tions on the thin section were identified using SEM-EDX 
spectroscopy (Hitachi SU3500).

The concentration of heavy metals and light metals 
leached were determined by using Inductively Coupled 
Plasma Optical Emission Spectroscopy (720 ICP-OES). 
The prepared samples were tested against standard solu-
tions of 0.005mg/L, 0.01mg/L, 0.02mg/L, 0.050mg/L, 
0.100mg/L, 0.500mg/L, and 1.000mg/L. 

3.	 RESULTS AND DISCUSSIONS
In this section, the targeted samples for discussion are 

the BAFACG group: BAFACG(U), BAFACG(C), BAFACG(P), 
and FA group: FA(U), FA(C), FA(P). Firstly, the bulk chemical 
and mineral composition analysis is provided, followed by 
detail analysis on the factors that resulted in the immobili-
zation of heavy metals, with respect to the treatment meth-
od, according to the timeline of 27 years in total.

3.1	Bulk chemical composition analysis
XRF test was conducted to determine the constituents 

present in the ash samples. XRF is an elemental analysis 
technique that provides quantitative chemical information 
(Seifollah Nasrazadani, 2016). According to Table 2, the 
MSWI ash samples comprises mainly of silicon dioxide 
(SiO2), aluminum oxide (Al2O3), iron (III) oxide (Fe2O3), and 
calcium oxide (CaO).

Interestingly, the FA group: FA(U), FA(C), and FA(P) have 
higher CaO weight percentage (wt%) than that of SiO2. In-
versely, samples consisting BA have higher SiO2 content. 
These three trace constituents, which are also amphoteric 
heavy metals: Pb, Cu, and Zn displayed significant concen-
trations. Cd and Cr have a smaller concentration in com-
parison, but Cd and Cr are considered harmful heavy met-
als, hence, these five trace constituents are selected for 
discussion in this study.

3.2	Phase identification of minerals and weathering 
phenomenon of the MSWI fly ash

While the bulk chemistry data offer a reliable projection 
of the total elemental composition of the non-homogenous 

FIGURE 1: Column sketch.
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MSWI ash samples, it does not provide information about 
the speciation and source of the elements (Saffarzadeh 
Amirhomayoun et al., 2011). Therefore, the collective uti-
lization of rapid analytical technique (XRD), and microan-
alytical technique (optical microscopy and SEM-EDX spec-
troscopy), are essential for the recognition of crystalline 
phases and the characterization of the phase transforma-
tion phenomenon in the MSWI ash (Estevanus Kristian Hu-
liselana et al., 2010).

Usually, fresh MSWI fly ash consist mainly of Ca-con-
taining phases such as portlandite (Ca(OH)2), calcium 
chloride hydroxide (CaClOH), and anhydrite (CaSO4) 
(Pengfei Ren et al., 2022 ‘b’), along with chloride salts (hal-
ite (NaCl) and sylvite (KCl)) (Kaixing Zhao et al., 2020). 
Whereas minerals like lime (CaO) and Ca(OH)2 can be 
found in the fresh bottom ash (Yunmei Wei et al., Mineral-
ogical characterization of municipal solid waste incinera-

tion bottom ash with an emphasis on heavy metal-bearing 
phases, 2011 ‘b’). However, in the BAFACG group, quartz 
(SiO2) and calcite (CaCO3) are the major crystalline phases 
being recognized instead as shown in Figure 2a. The sec-
ondary minerals detected are CaCO3 and hematite (Fe2O3), 
which is rather different in comparison to the minerals that 
are commonly found in fresh MSWI FA and BA. Secondary 
minerals are formed as a byproduct of weathering, and the 
formation occurs near the site where primary minerals are 
being attacked (William H. Schlesinger, 2020). As for the 
FA group in Figure 2b, ettringite and calcite are the ma-
jor crystalline phases, while the detection of the principal 
secondary mineral gypsum (CaSO4·H2O) suggests that 
changes occurred in the primary anhydrite (CaSO4) as a 
result weathering, and the access of water molecule from 
the landfill column is responsible for the crystallization of 
secondary gypsum.

Sample Name BAFAC-
G(U)

BAFAC-
G(C)

BAFAC-
G(P) BA(U) FA(U) BAFA(U) SMS PMS FA(C) FA(P)

Major
Constituent
(mass%)

SiO2 [%] 25.5 33.9 34.5 29.3 18.7 25.9 33.8 40.2 20.6 11.7

Al2O3 16.2 16.4 16.3 18.6 8.8 17.4 17.7 19.4 10.1 6.5

Fe2O3 7.6 7.7 7.8 17.4 2.1 15.1 11.4 3.6 2.3 1.7

CaO 23.3 20.9 20.9 19.5 38.0 24.7 26.5 30.3 40.0 33.6

Sub Total 72.5 78.9 79.6 84.8 67.7 83.1 89.4 93.6 73.0 53.5

Minor
Constituent
(mass%)

TiO2 [%] 1.26 1.26 1.24 1.47 0.79 1.18 1.24 1.34 0.88 0.61

MnO 0.11 0.10 0.12 0.21 0.07 0.17 0.17 0.17 0.07 0.06

P2O5 2.59 2.86 3.74 1.97 0.72 1.49 2.66 0.16 0.80 25.1

MgO 2.86 2.79 2.79 2.50 2.17 2.47 2.69 2.56 2.47 1.08

Na2O 1.30 1.43 1.60 1.09 0.67 0.90 1.85 0.67 0.70 4.54

K2O 0.52 0.56 0.58 0.37 0.02 0.27 0.48 0.11 0.05 0.23

Cl 0.13 0.14 0.11 0.08 0.13 0.10 0.24 0.44 0.12 0.70

S 0.05 0.05 0.05 0.10 1.49 0.14 0.04 0.39 1.13 0.47

F 0.03 0.03 0.03 0.01 0.19 0.09 0.00 0.03 0.24 0.21

Sub Total 8.84 9.22 10.26 7.80 6.25 6.81 9.37 5.87 6.45 32.95

Trace
Constituent
(ppm)

Zn [ppm] 5865 5034 5497 4511 16188 7444 4650 496 16776 5907

Cu 2388 2536 1847 3507 822 2342 1341 207 831 650

Pb 3865 4871 4364 1729 2414 2826 715 49 4130 1941

Cr 243 228 231 782 304 601 1182 715 294 215

Ni 103 106 97 311 83 188 162 26 81 77

Ba 851 791 756 1235 339 1014 1100 1460 468 362

Sb 0 0 0 106 0 0 0 0 0 1

Sn 139 157 162 305 289 235 101 49 317 227

Sr 359 316 324 292 59 251 392 502 93 134

As 26 33 29 12 16 19 5 0 28 13

V 3 3 3 4 2 3 4 3 2 2

Cd 107 102 102 98 174 120 95 79 199 105

Co 7 6 6 3 1 3 7 13 2 3

Sub Total 
[%] 1.40 1.42 1.34 1.29 2.07 1.50 0.98 0.36 2.32 0.96

LOI [%] 9.8 10.4 8.9 6.1 24.0 8.5 0.3 0.2 18.3 12.6

Total [%] 82.75 89.58 91.15 93.93 75.97 91.47 99.75 99.85 81.73 87.45

TABLE 2: Bulk composition analysis of the ten samples (XRF).
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3.2.1	 Influence of weathering on heavy metals
The presence of CaO in MSWI FA results in a signifi-

cantly high alkaline content, posing challenges to its poten-
tial for reuse. Nevertheless, the presence of carbon dioxide 
(CO2) within the MSWI ash offers a solution by facilitating 
the transformation of Ca-containing phases such as CaO 
and Ca(OH)2 from fresh MSWI FA into thermodynamical-
ly stable CaCO3 (H. Mehdizadeh et al., 2021), thereby re-
ducing the alkalinity of the ash. Carbonation is expressed 
by the following equations (Giampiero P. Sorrentino et al., 
2023):

2CaClOH + CO2 → CaCO3 + CaCl2 + H2O		  (1)
Ca(OH)2 + CO2 → CaCO3 + H2O			   (2)

Even though the results from XRD and SEM-EDX tests 
only shows the mineral phases and its chemical composi-
tion of the weathered MSWI FA in the current year (Year 27), 
the abundant formation of calcite (CaCO3) minerals (Figure 
3a and Table 3) and the absence of the aforementioned 

Ca-containing phases as shown in Figure 2 suggests that 
carbonation reaction occurred throughout the years of the 
MSWI ash weathering in the landfill column, thereby reduc-
ing the alkalinity of the MSWI ash.

The principal secondary mineral hematite (Fe2O3) is 
considered as a crystalline ferric mineral. This mineral was 
present in the SEM-EDX analysis for all samples in the BA-
FACG and FA group. Due to the large amount of data, the 
discussion will be represented by the results of BAFACG(U) 
sample. Table 3 shows the chemical composition of BA-
FACG(U) in the SEM-EDX analysis in Figure 3. Fe2O3 is par-
ticularly in abundance at Point B, C, and D in Figure 3b. At 
Point B, a small amount of Zn, a bivalent metal, was detect-
ed. The substitution of Fe with bivalent metals (hereinaf-
ter metallic inclusions) such as Pb, Cu, and Zn, which are 
bounded to crystalline ferric minerals, takes place in the 
course of glass alteration. When glass alteration occurs, 
dissolution of metallic inclusions results in the leaching of 
Pb, Cu, and Zn metal (Yunmei Wei et al., 2011 ‘a’). This phe-
nomenon influences the leaching concentration of heavy 
metal.

3.3	Leaching characteristics of MSWI fly ash
Leaching test was conducted in three separate years 

to study the leaching characteristics of the five selected 
heavy metals. For BAFACG group, the results are from Year 
0 (Y0), Year 5 (Y5), and Year 27 (Y27), while the timeline of 
FA group begins from Year 1 (Y1), followed by Y5 and Y27. 
With only results from 3 different years, it is difficult to de-
termine an accurate change in behavior of the heavy met-
als. However, it is still important to ensure that the THMs 
(Pb, Cd, T-Cr) satisfies Japan’s landfill disposal standards 
to prevent contamination in the environmental systems 
(Rahman Zeeshanur, 2019). Hence, this section assesses 
the heavy metals released and its compliance with landfill 
disposal standards.

From the results in Table 4 and Table 5, the high con-
centration of chloride salt in five years (Y5) in the study 
indicates high soluble chloride (Cl) content in FA, which 
is detrimental to the reuse of FA due to the potential risks 
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FIGURE 2: X-ray diffractogram of (a) BAFACG group ash sample, 
and (b) FA group ash sample.

FIGURE 3: Photomicrograph of (a) presence of iron-rich constituent, calcite, and gypsum in BAFACG(U) under crossed-polarized light 
(xPL), and (b) a 90° anticlockwise BSE image of fig. 3a with four label points.
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posed to the environment (Kaixing Zhao et al., 2020) 
(Xiongfei Chen et al., 2016) (Wei-Sheng Chen et al., 2012). 
This high chloride content also assists in the leaching of 
Pb, Cd, and Zn metals during dissolution, increasing the 
content of these harmful heavy metals at the landfill and 
in the environmental systems if not carefully treated and 
disposed (Mojtaba Ajorloo et al., 2022).

In Y1 and Y5, the Pb leached from FA(U) was above the 
landfill disposal standard, while the leached Pb, Cd, and 
T-Cr of the remaining samples already satisfied the landfill 
disposal standard since the beginning of the study. By Y27, 
the THMs (Pb, Cd, and T-Cr) leached from both BAFACG 
and FA group is well below Japan’s landfill disposal criteria 
of 0.3 mg/L for Pb and Cd, and 1.5 mg/L for Cr6+ (Shimao-
ka Takayuki, 1996). While the data does satisfy the landfill 
disposal standard, it is important to note that solely relying 
on these criteria does not provide complete assurance that 
the treated FA is safe for landfill disposal.

3.4	Behavior of heavy metals in the effluent
A major concern related to the operations of landfills 

is the inevitable consequences of heavy metals releas-
ing with leachate (C. Righi et al., 2022). Landfill leachate 
containing high levels of THMs affects the environmental 
system through water contamination if the MSWI ash is 
not given proper treatment to meet the Japanese effluent 
standards (Yunmei Wei et al., 2022 ‘c’) (Hiratsuka-Sasaki 
A., 2020) (Ministry of the Environment, Government of Ja-
pan, 2015). However, even if the concentration of individ-
ual THMs is not very high, it does not mean that the total 
amount of heavy metals in the leachate is negligible (Atha-
nasius P. Bayuseno, 2011).

The behavior of heavy metals in the effluent of ther-
mal-treated FA has been very consistent throughout the 

Point A B C D

Element Wt%

CK 10.77 5.44 8.12 4.74

OK 37.76 27.27 26.85 27.23

MgK 0.67 0.22 - 0.26

AlK 0.50 2.30 1.14 2.85

SiK 0.63 4.22 1.77 5.81

PK - 0.29 0.13 0.37

SK 1.48 0.06 - 0.10

ClK - 0.16 - -

KK 0.17 0.13 - 0.24

CaK 41.84 2.62 1.89 3.83

FeK 6.18 57.00 60.09 54.56

ZnK - 0.29 - -

TABLE 3: Chemical composition of corresponding to the points 
in Figure 3b.

Sample Name BAFACG(U) BAFACG(C) BAFACG(P)

Year 0 5 27 0 5 27 0 5 27

pH 11.3 7.9 8.9 10.5 7.8 8.8 10.5 8.1 9.0

Leached
Concentration
(mg/L)

Pb 0.06 0.07 0.04 0.05 0.49 0.04 0.05 0.37 0.02

Cd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01

Cr 0.02 0.02 0.01 0.02 0.02 0.01 0.02 0.02 0.01

Zn 0.10 0.28 0.05 0.10 0.25 0.05 0.10 0.34 0.05

Cu 0.53 0.64 0.03 0.10 0.18 0.02 0.40 0.17 0.02

Ca 381 60.1 21.0 339 69.6 22.6 430 64.3 19.1

Na 647 98.2 2.13 805 214 2.15 680 121 1.83

Cl 35.5 2075 1.05 19.9 2320 0.62 17.3 2320 0.64

TABLE 4: Leached concentration of heavy and light metals in BAFACG group corresponding to timeline of the study.

Sample Name FA(U) FA(C) FA(P)

Year 0 5 27 0 5 27 0 5 27

pH 12.2 12.6 11.7 12.2 12.6 10.1 7.2 7.3 8.5

Leached
Concentration
(mg/L)

Pb 95.0 23.5 0.02 0.09 0.16 0.01 0.05 0.05 0.01

Cd 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Cr 0.03 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.01

Zn 9.80 1.11 0.04 0.02 0.58 0.05 0.02 6.03 0.03

Cu 0.26 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.01

Ca 9100 7300 12.6 8600 6250 7.02 6400 3205 20.8

Na - - 0.39 - - 1.07 - - 3.56

Cl 17000 14000 3.60 17000 11750 1.86 13000 6575 4.83

TABLE 5: Leached concentration of heavy and light metals in FA group corresponding to timeline of the study.
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study. This treatment successfully encapsulates the heavy 
metals long-term through high temperature heating. Thus, 
the discussion for this treatment method is omitted for this 
paper. As for other treatment methods, significant changes 
can be observed from the concentration of heavy metals 
leached from the beginning of the study (Year 0) up until 
today (Year 27).

3.4.1	 Immobilization mechanisms of chelate/acid tre-
atment

pH value of the effluent plays a huge influence in the 
immobilization of heavy metals in MSWI FA. The ash in the 
FA group is soft and fine apart from FA(C), which coagulat-
ed from the treatment but crushes relatively easily. Figure 
4 shows the effluent pH changes of FA group for the past 
27 years.

In Figure 5, from Y1-Y5, the leaching of Pb decreased 
for all FA group. Chelate treatment proved effective on im-
mobilizing Pb in FA as the Pb leached were significantly 
lower in comparison to FA(U) and FA(P). Phosphoric-acid 

treatment not only reduces the effect of the high dissolu-
ble chloride content, but also reduces the high alkalinity of 
MSWI fly ash (Guo Xian Ma, 2013). The pH value of FA(P) 
falling into the acidic spectrum promotes the leachability 
of amphoteric metal Pb, reflected by the steep fall in the Pb 
concentration in Figure 5.

From Y6-Y15, leached Pb from the FA group fell below 
the Japanese effluent standard of 0.1 mg/L, with the ex-
ception of an outlier, FA(P) in Y14. The soluble Cl leached 
(Figure 6) from FA(P) effluent decreases in similar pattern 
as leached Pb, and the slight increase in soluble Cl leached 
in Y12-Y15 and Y22-Y25 resulted in the leached Pb fluc-
tuation (Mojtaba Ajorloo et al., 2022). From Y16-Y27, both 
chelate and acid treatment displays effectiveness in immo-
bilizing Pb by meeting the effluent criteria.

The pH value of the effluent also plays an important role 
in the immobilization of Cd (Mojtaba Ajorloo et al., 2022). 
The leached Cd from Y1-Y5 in Figure 7 corresponds to the 
effluent pH in Figure 4. Chelate treatment is the most effec-
tive in stabilizing Cd, in the span of two years. From Y6-Y27, 
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leached Cd meets the effluent standard of 0.03 mg/L and 
is at the machine’s detection limit. This pattern is expected 
to continue in the long-term.

In Figure 8, the immobilization of Zn from Y1-Y5 is of 
similar pattern as that of Pb and Cd. However, Zn is more 
sensitive to the changes in pH as compared to Pb and Cd. 
The slight fall in pH from Y18-Y25 (Figure 4) resulted in the 
fluctuation of leached Zn in Figure 8. Despite the leached 
Zn of FA group meeting the effluent standard of 2.0 mg/L 
since Y6, the possibility of it remaining below the criteria is 
uncertain in the long-run regardless of the treatment meth-
od in this case, especially if the fluctuation of effluent pH 
occurs between 7.0 and 8.0.

Chelate and acid treatment proved to be effective on 
the stabilization of T-Cr as the leached T-Cr meets the 
Japanese effluent standard of Cr6+ of 0.5 mg/L from the 
beginning of the study (Figure 9). From Y1-Y5, FA treated 
with phosphoric acid took immediate effect in the immo-
bilization of T-Cr than chelate treatment. In Y14, there is a 
small spike in leached T-Cr that is similar to that in Pb. In 
this case, this increase is not of concern as the effluent 
standard is set for Cr6+. Thus, it is safe to conclude that the 
immobilization of T-Cr with both chelate and acid is safe 
and effective in the long-run.

In contrast, these treatment methods are not as effec-
tive on Cu as shown in Figure 10. From Y1-Y5, the treat-
ment methods promoted the leaching of Cu instead of 
immobilizing them. Acid treatment seems to be more ef-
fective in stabilizing Cu in the long-run in comparison to 
chelate treatment. From Y6-Y10, leached Cu of FA(C) did 
not satisfy the effluent criteria of 3.0 mg/L. Chelate treat-
ment resulted in the coagulation of the ash, forming larger 
particles that easily crumbles upon small forces acting on 
it. The other two samples are very fine in comparison to 
FA(C). The particle size led to the fluctuation of leached Cu 
in FA(C) as Cu are mostly concentrated in larger particles 
(Davide Bernasconi et al., 2022).

Between chelate treatment and phosphoric acid treat-
ment, chelate treatment is more stable and less fluactua-
tive in the short-term. On the other hand, phosphoric acid 
treated FA promotes the leaching of amphoteric metals in 
the short-run, but shows effective immobilization of heavy 
metals within 3 years and is more promising in the long-
run, especially Cd, T-Cr, Zn, and Cu. Overall, the leaching of 
heavy metals is heavy influenced by the effluent pH, fol-
lowed by Cl content and ash particle size.

3.4.2	 Immobilization mechanisms of chelate/acid tre-
atment with compost

With the addition of compost alongside chelate or acid 
treatment, a rich CO2 environment is created. Crushed gar-
bage consisting of glass shards were also added which 
enhances the porosity of the ash. Due to these changes, 
the results varied drastically from using only one treatment 
method. The particle size and hardness of the BAFACG 
group ash mix is also much coarser in comparison to the 
soft and fine ash from FA group. Figure 11 shows the ef-
fluent pH changes of BAFACG group for the past 27 years.

From Y0-Y5, the Pb leached fluctuated above and be-
low the Pb effluent standard of 0.1 mg/L (Figure 12). 
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The drastic changes in Pb leached in the first 5 years is 
attributed to the heterogeneous ash composition and ac-
celerated carbonation. From Y6-Y15, the leached Pb of 
BAFACG group satisfies the effluent criteria. The soluble 
Cl in this ash group is also significantly lower compared 
to the FA group (Figure 13), hence the lower concentration 
of leached Pb. The immobilization of heavy metals for FA 
treated with the combination of compost is highly affected 
by the accelerated carbonation from the breaking down of 
compost. From Y16-Y27, the organic matter in the com-
post eventually broke down, releasing some heavy metals, 
hence the small increment in leached Pb from BAFACG(U) 
in Figure 12.

Leached Cd, on the other hand, is generally concentrat-
ed above the effluent standard 0.03 mg/L from Y0-Y5 (Fig-
ure 14). Apart from accelerated carbonation, the effluent 
pH of BAFACG group falling below the neutral value of 7 
from Y0-Y5 (Figure 11) also promoted the leaching of Cd to 
a certain extent. From Y4 onwards, the combination of two 

In Figure 15, accelerated carbonation largely contrib-
uted to the low concentration leaching of Zn from Y0-Y5 
in comparison with the leached Zn from the FA group. Al-
though accelerated carbonation is the main factor in im-
mobilizing the amphoteric metal Zn, the effluent pH also 
plays an important role in maintaining the leached Zn con-
centration below the effluent standard of 2.0 mg/L. From 
Y10-Y27, the leaching pattern of Zn mirrors the pH of the 
effluent, indicating an inverse correlation between Zn and 
pH.

Leached T-Cr was below the Cr6+ effluent criteria of 
0.5 mg/L (Figure 16) within a year (Y0-Y1) from the com-
mencement of this study. From Y8-Y27, both treatment 
methods proved effective in immobilizing T-Cr in the long-
run, as shown in Figure 16.

In Figure 17, FA treated with combinations of two treat-
ment methods satisfies the effluent standard of Cu almost 
immediately. The addition of a CO2-rich environment fur-
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ther enhanced the immobilization of Cu. However, relying 
solely on compost on the stabilization of Cu does not seem 
as effective as combining the treatment methods in the 
beginning (Y0-Y3). From Y4-Y15, further reduction in Cu 
leached as the pH value of BAFACG group shifts towards 
the alkaline spectrum. As for the remaining 12 years, the 
leaching of Cu is independent of the pH of the effluent, and 
the compost has fully broken down by then. However, pre-
cipitation reactions with other elements present in the en-
vironment may occur, leading to the formation of insoluble 
compounds such as the copper hydroxides, carbonates, 
sulfides, or phosphates, which can limit its leaching. Fur-
thermore, the weathering process over a long period of 
time results in formation of Al- and Fe-hydrates due to min-
eral alteration that can permanently bind elements such as 
Cu to provide definitive stability (Saffarzadeh Amirhomay-
oun et al., 2011).

The porosity and CO2-rich environment (Figure 18b) 
contributed by the compost accelerated the carbonation 

process, which is effective in removing Cl and simultane-
ously leading to low concentrations of heavy metals in the 
effluent (Lei Wang et al., 2012). However, it is considered a 
short-term solution because the organic matter in the com-
post can eventually break down, releasing the heavy metals 
back into the environment. Therefore, combining compost 
with a long-term stabilization method such as chelate or 
acid treatment is recommended for effective and sustaina-
ble treatment of MSWI FA.

4.	 CONCLUSIONS
The current study was designed to understand the long-

term behavior of heavy metals in MSWI FA and the factors 
influencing their immobilization over a period of 27 years. 
Comparing treatment methods, we observed that chelate 
treatment is more effective in the short run in immobilizing 
heavy metals, while phosphoric acid treatment yields supe-
rior long-term results. However, when combined with com-
post, both chelate and acid treatments exhibit enhanced 
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efficacy, suggesting a promising approach for immobiliz-
ing heavy metals. It is worth noting that compost treatment 
alone is not a feasible method for heavy metal immobiliza-
tion. Furthermore, all heavy metals analyzed in this study 
comply with Japan’s landfill disposal criteria and effluent 
standards of Japan, demonstrating the potential for the 
developed immobilization processes to meet regulatory 
requirements and reduce environmental impacts. 

Several essential factors contributing to the immo-
bilization of heavy metals were identified. These factors, 
namely carbonation, soluble Cl content, pH value, dis-
solution, weathering, and particle size have emerged as 
significant contributors in the immobilization process, in 
descending order of importance. An inverse relationship 
between pH and Zn was also observed, especially between 
the range 7.0 and 8.0, highlighting the role of pH variations 
in the leaching behavior of Zn. As pH levels fluctuate, it can 
alter the solubility and mobility of heavy metals, affecting 
their immobilization and subsequent leaching behavior.

In conclusion, our study provides valuable insights into 
the long-term behavior and immobilization of heavy metals 
in MSWI FA. Factors such as carbonation, Cl content, pH 
value, dissolution, weathering, and particle size have been 
identified as significant in the immobilization process. 
These findings contribute to our understanding of waste 
management strategies and offer a foundation for further 
research and the development of sustainable practices in 
handling heavy metal-containing waste materials. Further 
research is encouraged to deepen our understanding and 
develop innovative approaches for mitigating the environ-
mental impact of heavy metals in waste materials.
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ABSTRACT
Microplastics, small plastic pieces (<5mm), are emerging contaminants in water, ter-
restrial, and air environments. This study investigated the possibility that microplas-
tics act as carriers of heavy metals (Cu, Zn, Pb, Mn, Cd) in the municipal solid waste 
(MSW) compost samples, which were obtained from municipal composting yards at 
Kozhikode and Kochi, in Kerala, India. The heavy metal accumulation was expected 
in the biofilm that formed on microplastics during composting. Therefore, five sam-
ples were analysed: (i) compost after microplastic separation, (ii) untreated micro-
plastics, (iii) microplastics washed with distilled water, (iv) chemically separated mi-
croplastics, and (v) new macro-plastics for comparison. Total Organic Carbon (TOC) 
and SEM analyses were used to assess the biofilm formation over microplastics. 
The study showed high microplastic abundance in the compost of both locations, 
with Kochi having nearly double the count as that of Kozhikode (1600 vs. 840/kg 
dry compost). Microplastics collected from Kochi exhibited higher biofilm formation, 
leading to greater heavy metal accumulation and higher concentrations compared 
to the compost. Heavy metal concentrations generally varied in the following order 
at both locations: handpicked microplastics > microplastics washed with distilled 
water > compost free from microplastics > chemically separated microplastic > new 
macro-plastic, with some exceptions. Heavy metal concentrations were significantly 
higher in samples from Kochi, due to a larger bio-film formation on the plastics as 
determined by TOC and SEM analyses. The findings of the study highlight the impor-
tance of source segregation and prevention of mixing of organic waste with plastic 
waste in MSW, to avoid heavy metal transport in terrestrial environment through mi-
croplastics.

1.	 INTRODUCTION
Plastic pollution serves as a prominent reminder of the 

unsustainable nature of the plastic-dominated era in hu-
man civilization. It is estimated that by the year 2030, as 
much as 53,000,000 metric tons of plastic will be released 
into the environment (Borrelle et al., 2020; Geyer et al., 
2017). These plastics could degrade to microplastics due 
to physical, chemical and biological factors. Microplastics 
are generally defined by National Oceanic and Atmospheric 
Administration (NOAA) as small plastic particles that are 
having sizes of 5 mm to 1 nm (Masura et al., 2015). They 
can be formed from primary and secondary sources (Auta 
et al., 2017). Microplastics are found widely in terrestrial 
and aquatic environments (Rillig & Lehmann, 2020). In 
terrestrial environment, compost is considered as a ma-
jor route for the entry of microplastics to the environment 
(Vithanage et al., 2021). The presence of microplastics in 
Municipal Solid Waste (MSW) compost and its role as a 

carrier of heavy metals were topics of many researches. 
These studies have reported Lead (Pb), Copper (Cu), Zinc 
(Zn), Manganese (Mn), and Cadmium (Cd) as the heavy 
metals of major concern in MSW compost with concentra-
tions varying with the place of study (Bożym, 2017; Fan et 
al., 2021; Vithanage et al., 2021). 

The adsorptions of heavy metals on microplastics can 
be related to the biofilms which are present on its surfaces 
(Wang et al., 2020). Biofilms are comprised of a combina-
tion of microorganisms, including algae, fungi, and bacte-
ria, along with extracellular polymeric substances (EPS). 
These EPS play a crucial role in the structure and function 
of the biofilm (Carson et al., 2013; Shabbir et al., 2020). 
The biofilms present in microplastics are known to carry 
toxic metals to different environments and cause adverse 
impacts (Guan et al., 2020). In this research, microplastics, 
separated from the compost samples, were collected from 
the municipal composting yards of Kochi and Kozhikode, 
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Kerala (India), and analysed for the presence of heavy met-
als. The objective of the study was to examine how bio-
films contribute to the accumulation of heavy metals on 
microplastics in the MSW compost. The concentration of 
heavy metals like Pb, Cu, Zn, Mn, and Cd was analysed 
in different samples: compost free of microplastics, mi-
croplastics handpicked from the compost, handpicked 
microplastics washed with distilled water, chemically sep-
arated microplastics, and new macro-plastic samples.

2.	 MATERIALS AND METHOD
The overall methodology followed in this work is shown 

in Figure 1.
Compost samples were collected from the composting 

yards following a standard procedure (Figure 1). Microplas-
tics (1-5mm) were separated from the compost manually 
by handpicking after sieving. The separated microplastics 
were divided in three portions and prepared differently for 
analyses. Analyses were performed to quantify the heavy 
metals accumulation in the microplastics. Total Organic 
Carbon (TOC) analysis and Scanning Electron Microscopy 
(SEM) were employed to understand the biofilm accumula-

tion on the microplastic samples. Finally, the heavy metal 
concentrations were correlated with the extent of biofilm 
formation to evaluate the role of biofilm in heavy metal ac-
cumulation by microplastics.

2.1	Sampling
The study was carried out on the compost samples 

collected from the Kozhikode Municipal Corporation’s 
compost plant situated at Njeliyamparamb (11.203257° 
N, 75.816797° E) and Kochi Corporation’s compost plant 
situated at Brahmapuram (9.99517° N, 76.37163° E). The 
compost plant owned by the corporations handles the bio-
degradable waste collected from city’s markets and other 
public places. The map showing the sampling locations is 
given in Figure 2.

The sampling was made according to the Australian 
Standard AS4454-2012 for composts, mulches, and soil 
conditioners. The sample was collected using a shovel, a 
stainless steel mesh and polyethylene covers. The com-
post heap was thoroughly mixed with the shovel and 1 kg 
of compost samples were taken from the top, bottom and 
middle part of the heave. The samples were stored in the 
polyethylene covers (Vithanage et al., 2021). The samples 

FIGURE 1: Methodology.

FIGURE 2: Sampling locations.
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were brought to the lab and were air dried at 70°C and pre-
served for further analysis.

2.2	Preparation of Samples
Samples were prepared for the analyses from the com-

posts collected from the two locations. For the analysis of 
the heavy metal content in biofilms, microplastics subsam-
ples were chosen from the whole sample that matched the 
morphology (fibre, film or fragment) and polymer types (as 
determined by FTIR spectroscopy) in both locations. By 
this procedure it was possible to compare the differences 
in the heavy metal content in the biofilms on plastics be-
tween both locations.

The sample preparation was as follows. The air-dried 
samples were sieved through 5  mm sieve followed by 
1  mm sieve. The portion of compost retained on 1mm 
sieve was used for the study. The compost, after remov-
ing the microplastics (1-5  mm) manually was preserved 
for analysis (Sample 1). The removed microplastics were 
quantified. The microplastics hand-picked from both loca-
tions with matching morphology and resin type were divid-
ed into three portions. The first portion of the handpicked 
microplastics was preserved for further analysis as hand-
picked samples (Sample 2). The second portion of the 
hand-picked samples was washed with distilled water and 
was preserved for analysis (Sample 3). The remaining por-
tion of the hand-picked microplastics was subjected to the 
chemical separation procedure. Chemical separation pro-
cedure included the oxidation of the organic matter using 
Fenton’s reagent as the first step. For every 0.1 g of solid 
Matrix (dry mass), 0.1 ml of a 0.002 mol FeSO4 (Fe (II)) and 
1 ml of a 30% H2O2 solution were added to provide the nec-
essary iron ions and hydrogen peroxide (Tagg et al., 2016). 
The samples were digested, filtered, and washed with dis-
tilled water. These samples were dried and preserved for 
analysis as chemically separated microplastics (Sample 
4). Also, macro-plastics that were potentially matching 
the microplastics found in the compost were collected (in 
both locations) and categorized by morphology and poly-
mer matching criterion, which included morphology (fibre, 
film, or fragment), colour and polymer type. The best fitting 
macroplastics according to the morphology, colour and 
polymer matching criterion were then cut into manageable 
pieces and were preserved for analysis (Sample 5).

2.3	Heavy Metal Analysis
Heavy metal analysis was conducted to determine the 

concentrations of Lead, Copper, Zinc, Cadmium and Man-
ganese in the five samples. The samples were digested 
using Aqua Regia (HCl: HNO3 = 3:1) at a rate of 15 mL/g 
of the sample (Bożym, 2017). The standard solutions of 
heavy metals were prepared by diluting the stock solutions 
and analysed in flame AAS (PerkinElmer piNacle900F). The 
limit of detection for the analysed metals were, Cu-10 µg/L, 
Zn- 20 µg/L, Pb- 10 µg/L, Mn- 20 µg/L and Cd- 10 µg/L. The 
digested sample solutions were filtered using Whatman fil-
ter paper (42) and were diluted again. Both samples and 
standards were stored in the refrigerator for 24 hours. All 
chemicals used in the analyses were research-grade.

2.4	TOC and SEM analysis
The biofilm present on the microplastic surface was 

characterized quantitatively based on the Total Organic 
Carbon (TOC) (%) and qualitatively using SEM imaging. 
These analyses were made for the three microplastic 
samples, that is., hand-picked, distilled water washed and 
chemically separated ones.

The hand-picked samples and the samples washed 
with distilled water were subjected to Fenton’s reagent and 
Potassium Hydroxide (KOH) treatment. Subsequently, they 
were heated at 50°C to extract the biofilms. The samples 
that were previously separated using Fenton’s reagent un-
derwent further heating at 50°C in the presence of HNO3 
and KOH (Prata et al., 2019). The resulting mixture was then 
filtered using Whatman (42) filter paper and subsequently 
diluted for TOC analysis. The TOC analysis was carried out 
using the Shimadzu TOC-L analyzer, following the method-
ology outlined in method 5310 C (APHA 23rd Edition, 2017 ; 
P. Li et al., 2022; Zheng et al., 2023).

To corroborate the findings related to the concentra-
tion of heavy metals in the microplastic samples and the 
TOC results, SEM analysis was also performed on the mi-
croplastic samples. This analysis encompassed the exam-
ination of the hand-picked samples, chemically separated 
microplastics, and microplastic samples that were washed 
with distilled water. By employing SEM, the surfaces of 
these plastic samples were thoroughly investigated, allow-
ing for a comprehensive evaluation of the removal of the 
biofilms from the samples. Therefore, the SEM analyses 
served as an additional information to complement the re-
sults that were obtained from the heavy metals analyses, 
providing valuable visual evidence and insights into the mi-
croplastic samples under scrutiny.

3.	 RESULTS AND DISCUSSIONS
The quantification done by manual counting revealed 

that the number of microplastics (1mm-5mm) per kg of 
dry weight of compost is 840 items in Kozhikode and 
1600 items in Kochi. These values were much higher 
than what was reported from Germany for microplastics 
of same size range, which was 39 to 102 items per kilo-
gram of dry weight on a study conducted by Schwingham-
mer et al. (2020) and between 40 and 60 to 100 and 120 
items per kilogram of dry weight on a study conducted 
by Weithman et al. (2018). This may be due to the high-
er waste recycling rate of 46% in Germany (Conversio, 
2018) that prevents the entry of plastic wastes to MSW, 
as against the 30% recycling rate in India. Another study 
conducted on Austrian compost samples shows a count 
of between 0 - 49 particles per kg of dry waste (size range 
2-6.3 mm) (C. Zafiu et al.,2023). The higher recycling rates 
in Europe reflect also a higher degree of separate collec-
tion of plastics and therefore a lower fraction of plastics 
in MSW. In addition, the composting of MSW is not prac-
ticed in many European Countries anymore. Therefore, 
the lower recycling results in higher presence of plastic 
in MSW compost in India (Loizia et al., 2021; Pal & Bhatia, 
2022; Shah et al., 2023). However, a study from another 
European country, Netherland, has reported the pres-
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ence of PLA microplastic fibers in green waste compost 
as high as 82,800 items/kg. However, PLA is a different 
case, as it is a biodegradable polymer, which is (in certain 
cases) allowed to be disposed of with biowaste. However, 
when present in compost they are not effectively recycled 
(Gross & Kalra, 2002; Huerta-Lwanga et al., 2021; Kar-
amanlioglu et al., 2017). In this study, the microplastics 
encountered were mainly non-biodegradable single use 
plastics.

3.1	Heavy metal concentrations
The heavy metal concentration of dry compost was an-

alysed, and the results are given in Table 1.
The results in Table 1 show that the concentrations of 

heavy metals in and on microplastics in both locations fol-
lowed an order: Hand-picked microplastics > Microplastics 
washed with distilled water > Microplastics separated us-
ing chemicals > matching macro plastic samples. The con-
centration of heavy metals in compost exceeded that of the 
chemically separated microplastic samples for all investi-
gated heavy metals in the case of Kozhikode. However, in 
the samples from Kochi, for Manganese, Zinc, and Copper, 
chemically separated microplastics had higher concentra-
tions than the compost. In all cases, the concentrations of 
heavy metals in macro-plastic samples analysed as control 
was much lower than microplastic samples, indicating ac-
cumulation of heavy metals from compost to microplas-
tic. The highest concentration noticed for any heavy metal 
in the compost and microplastic samples was for Zinc in 
the samples of Kochi. Zn in MSW generally comes from 
paper, cardboards wood, plastics, concrete wastes, leath-
er, paints, leaching of batteries, and tire rubber particles 
(Jones et al., 2014; Rotter et al., 2004). There were instanc-
es of much higher occurrence of Zn in composts than our 
study in other cities of India, for example 10616 mg/kg in 
the compost of Mumbai and 6693 mg/kg in Delhi (Khare 
et al., 2023). Zn is a micronutrient for plants and as such, 
its presence in compost is desirable. At the same time, its 
excess, like its deficiency in soil, can cause stunted plant 
growth and decreased photosynthetic activity, inducing 
chlorosis and necrosis of the leaf (Andresen et al., 2018; 
Dobrikova et al., 2021). Due to the impacts, US EPA has 

set 7500 mg/kg as the ceiling concentration of Zn in bio-
solids, including composts, intended for land application. 
The concentration limit for exceptional quality biosolids, 
that can be applied without any restrictions, is 2800 mg/kg 
(USEPA, 1994). The compost from Kochi had Zn concentra-
tions close to this limit. 

After Zn, the next abundant heavy-metals in the com-
post were Cd and Cu. Kitchen waste, plastics, cinder and 
lamps are the main sources of copper in MSW (Aendo et 
al., 2022; Long et al., 2011). Plastics, pigments, soil and 
food containers may be the possible sources of Cd in MSW 
(Aendo et al., 2022; Tang et al., 2019; Valadez-Vega et al., 
2011). Cd is not essential to plant growth. In the contra-
ry, even low concentrations of Cd in soil can adversely af-
fect plant growth and metabolism (Qadir et al., 2014). US 
EPA has set 85 mg/kg as the ceiling concentration of Cd 
in biosolids for land application (USEPA, 1994). Thus, the 
composts of both Kochi and Kozhikode, with Cd concentra-
tions of more than ten times the threshold concentration, 
are unsuitable for land application. The current practice of 
sale of compost in bags at these places should, therefore 
be discontinued, or measures for reducing the source of Cd 
should be taken. 

Pb and Mn were the two heavy metals that had higher 
concentration in the compost of Kozhikode than in Kochi. 
Glass wastes, textiles, and plastics are the sources of Pb in 
MSW. Manganese sources are predominantly attributed to 
the improper disposal of bottle caps, blades, and pharma-
ceuticals, pigments, insecticides and cosmetics (Kanmani 
& Gandhimathi, 2013; Tang et al., 2019). Irrespective of the 
higher concentrations of some heavy metals in the com-
post of Kozhikode, the concentrations of heavy metals in 
the handpicked microplastics in all cases were higher for 
the samples from Kochi. The higher organic matter found 
attached to the microplastics handpicked from the com-
post of Kochi explains this observation.

In order to compare the adsorption of heavy metals on 
microplastics with concentration in composts, the ratios of 
heavy metal concentrations of both sample types were cal-
culated and are shown in Table 2. The ratio of heavy metal 
concentration in microplastic to that in matching unpollut-
ed macro-plastics was calculated to understand the addi-

Sample

Heavy metal concentration (mg/kg of dry weight)

Lead (Pb) Manganese (Mn) Copper (Cu) Zinc (Zn) Cadmium (Cd)

Kochi Kozhikode Kochi Kozhikode Kochi Kozhikode Kochi Kozhikode Kochi Kozhikode

Microplastics 
separated using 
chemicals

417 315 878 469 873 442 2987 1796 709 445

Microplastics 
washed with 
distilled water

878 765 1078 596 914 504 5147 3017 793 697

Handpicked 
microplastics 912 809 1312 741 1036 798 6980 3960 927 866

Compost free of 
microplastics 401 594 400 582 856 541 2715 1955 863 851

Matching mac-
ro-plastic samples 117 259 209 374 91

TABLE 1: Heavy metal concentrations in Kozhikode (in mg/kg of dry compost).
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tion of heavy metals to microplastic from compost. These 
ratios are also shown in Table 2.

The ratios in Table 2 reveal an accumulation of all heavy 
metals in the handpicked microplastics from Kochi and 
Kozhikode, indicated by a concentration ratio (concentra-
tion in microplastic/concentration in compost) higher than 
1.0. Samples from Kochi exhibited a greater adsorption for 
all metals than the samples from Kozhikode, except for 
Copper. The highest proportional adsorption on microplas-
tic was found for Mn, with a concentration ratio (microplas-
tic to compost) of 3.28 in the handpicked samples from 
Kochi. The second highest was found for Zn with a ratio 
2.57, closely followed by Pb. Pani et al. (2017) found that 
Zn and Mn are two heavy metals that are highly adsorbed 
by biofilms on microplastics. Pani et al., reported that even 
chemical washing could not remove these metals entire-
ly from microplastics. Cu was also reported to be a heavy 
metal that has strong affinity towards biofilms (Wang et al., 
2021). Cd, on the other hand, was shown to exhibit a less-
er affinity towards adsorption by biofilms when compared 
to Copper, Lead and Zinc (Dong et al., 2003), which was 
also found in this study. Cd had the lowest concentration 
ratio (microplastic to compost) of 1.07 for the bio-film-rich 
handpicked samples compared to other heavy metals.

The ratio of heavy metals in microplastic samples to 
that in matching unpolluted macro-plastic samples ana-
lysed as control, showed that there was strong adsorption 
of heavy metals to microplastics from compost. There 
was more than 1800% increase in Zn concentration in the 
handpicked microplastic collected from Kochi and 1058% 
in Kozhikode compared to unpolluted plastic. The next 
highest increase (1018%) in concentration was noticed for 
Cd in the samples from Kochi in spite of the metal’s lower 

affinity to adsorb to biofilms. The lower concentration of 
Cd in unpolluted plastics resulted in such a high increase. 
The ratio (chemically separate microplastic/macro-plastic) 
for all metals being larger than 1.0 indicates that, even after 
digestion with Fenton’s reagent for the removal of the bio-
film, heavy metals were still adsorbed to microplastics. The 
TOC analysis (described in a subsequent section) showed 
that there was a remaining biofilm, even after digestion 
with Fenton’s reagent. This indicated that the heavy met-
als remaining on the plastics after the chemical treatment 
could originate from the biofilm residues, or that adsorbed 
directly to the microplastics, or a combination of both.

3.2	TOC results
The TOC of the collected microplastic samples were 

determined and the results are given in Table 3.
Table 3 shows the results from the TOC analyses that 

indicate that samples from Kochi exhibited much larger at-
tached biofilms than samples from Kozhikode. There could 
be multiple reasons for this observation. The waste gener-
ation in Kochi is higher than in Kozhikode and consequent-
ly there is a higher chance of organic matter to adhere 
to plastics within the wastes of Kochi. Further, the MSW 
dumped in the Kochi corporation’s yards are processed 
with larger delay than in Kozhikode due to the smaller ca-
pacity of the plant, which allows the formation of larger bio-
films. The richer biofilm can explain the higher heavy metal 
concentrations observed in the microplastic samples from 
Kochi. Many studies have shown that biofilms formed over 
microplastics represent adsorption sites for various con-
taminants including heavy metals (J. Wang et al., 2021; Q. 
Wang et al., 2023), organic pollutants (Huang et al., 2021) 
and microorganisms (Hernández-Sánchez et al., 2023).

Ratio
Lead Manganese Copper Zinc Cadmium

Kozhikode Kochi Kozhikode Kochi Kozhikode Kochi Kozhikode Kochi Kozhikode Kochi

Handpicked micro-
plastics/compost 1.37 2.27 1.28 3.28 1.47 1.21 2.02 2.57 1.02 1.07

Distilled water 
washed microplas-
tics/ compost

1.29 2.18 1.02 2.70 0.93 1.07 1.54 1.90 0.82 0.92

Chemically sepa-
rated microplas-
tics/ Compost

0.53 1.04 0.80 2.12 0.82 1.02 0.92 1.10 0.52 0.82

Handpicked 
microplastics/
macro-plastic

6.91 7.80 2.86 5.06 3.81 4.95 10.58 18.66 9.51 10.18

Distilled water 
washed microplas-
tics/ macro-plastic

6.53 7.50 2.30 4.16 2.41 4.50 8.06 13.76 7.65 8.71

Chemically sepa-
rated microplas-
tics/macro-plastic

2.70 3.56 1.81 3.39 2.11 4.17 4.82 7.99 4.89 7.80

TABLE 2: Ratio of heavy metal concentrations in microplastic samples, compost and matching macro-plastics.

Samples
Hand- Picked Samples Distilled Water Washed Samples Chemically Separated Samples

Kozhikode Kochi Kozhikode Kochi Kozhikode Kochi

%TOC 1.97 2.82 0.83 1.54 0.07 0.37

TABLE 3: TOC results.
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The decrease in TOC percentage across the three 
samples implies the removal of biofilms adhered to the 
microplastics by distilled water and chemical treatments. 
This reduction in biofilm indicates a decrease in adsorp-
tion sites and functional groups on the microplastics. The 
reduction in heavy metal concentrations and the reduction 
in TOC suggests that the biofilms on the microplastics play 
a significant role in the adsorption of heavy metals, and 
their removal leads to a reduction in heavy metal concen-
trations (Guan et al., 2020). This highlights the importance 
of separating plastic wastes at source itself, before these 
get mixed with organic waste. In addition, the microplas-
tic impurities act only as a scavenger for the heavy metal 
pollution in the MSW, which should be reduced in any way. 
Good waste management practices can prevent the entry 
of microplastics and heavy metals to the compost. The 
quantification results of microplastic in German composts 
implies that a better segregation and recycling of municipal 
solid waste is an efficient way of tackling the entry of mi-
croplastics to compost (Schwinghammer et al., 2020; Shah 
et al., 2023). By implementing better waste management 

strategies, the microplastics presence can be prevented, 
which in turn controls the transfer of heavy metals through 
the biofilms attached in them, to different environments. 

In order to quantitatively understand the influence of 
biofilm on the adsorption of heavy metals, graphs were 
plotted between TOC (%) and heavy metal concentrations 
(mg/kg) in microplastics. Graphs were plotted separate-
ly for Kochi and Kozhikode, as the concentrations of the 
heavy metals in the compost matrix were different for the 
two places. 

The variation in heavy metal concentrations for the 
hand-picked samples, distilled water washed samples and 
chemically separated samples at different TOC (%) are giv-
en in Figure 3 (Kochi) and Figure 4 (Kozhikode).

The graphs show that the heavy metal adsorption on 
the samples is directly proportional to the amount of bi-
ofilms adhered to the microplastic surface. The linear re-
lationships between the heavy metal concentrations and 
TOC are generally strong, except for lead (R2 = 0.7196 for 
Kozhikode and 0.7802 for Kochi) which is relatively weak. 
Zn showed the highest incremental affinity to biofilms, as 

FIGURE 3: Variation of TOC with heavy metal concentration of Kochi samples.

FIGURE 4: Variation of TOC with heavy metal concentration of Kozhikode samples.
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indicated by a steeper graph. The intercepts of the graphs 
are given in Table 4.

The Y-intercept represent the theoretical concentration 
of heavy metals that adheres to the microplastics from 
the compost without biofilms (TOC=0%). The comparison 
of the heavy metal concentrations and the new unpollut-
ed macro-plastics to the Y intercept values indicates that 
the adsorption of heavy metals onto the microplastics oc-
curred via alternative mechanisms, rather than being sole-
ly adsorbed to biofilms. In the samples from Kochi, more 
than 80% of Cd and Cu remained directly adsorbed on the 
microplastic surface. The heavy metal adsorption on mi-
croplastics can depend on the polymer type, crystallinity, 
surface area, and also on the pH and temperature of the 
environment (Gao et al., 2021).

3.3	SEM results
The removal of biofilms adhered to the microplastic 

surfaces were visualized by the SEM images. The images 
obtained from the SEM analyses are shown as Figure 5.

The SEM analyses performed on the three microplastic 
samples revealed a noticeable decrease in the presence of 
biofilms adhered to the microplastic surfaces, progressing 
from Figure 5a to Figure 5c. The initial handpicked samples 
(Figure 5a) showed to have a thick layer of organic mat-
ter or biofilms. However, through subsequent treatments 
including thorough washing with distilled water (Figure 5b) 
and Fenton’s reagent digestion (Figure 5c), the organic im-
purities were significantly reduced, as also shown by other 
authors (Pfohl et al., 2021). As a result, the surfaces of the 
microplastic samples appeared cleaner and less contami-
nated. The reduction in biofilm adherence can be correlated 
with a decrease in adsorption sites and functional groups 
present on the microplastics. These adsorption sites and 
functional groups have the potential to bind heavy metals 
to the microplastics. Therefore, the diminishing presence 
of organic matter suggests a corresponding reduction in 
the availability of sites that can facilitate the adsorption of 
heavy metals onto the microplastic surfaces. This observa-

tion reinforces the understanding that bio-films play a cru-
cial role in the adsorption and retention of heavy metals by 
microplastics (Y. Li et al., 2022; Zheng et al., 2023).

4.	 CONCLUSIONS
The study showed that there is significant concentra-

tion of microplastics in the compost generated in MSW 
compost plants of Kochi and Kozhikode. It was also found 
that the concentration in the compost of some heavy met-
als exceeded the limits set by the US EPA for land applica-
tion. Further, it was found that microplastic can act as vec-
tors of heavy metals from compost to other environments. 
The biofilm formed on the microplastic surface was found 
to be the most influential factor for the heavy metal accu-
mulation, although, the microplastic surface also adsorbs 
lower quantities of heavy metals directly. This finding high-
lights the importance of source segregated collection of 
MSW, where organic matter is not allowed to mix with plas-
tic waste. Analyses showed that the heavy metal concen-
tration adsorbed on microplastics is directly proportional 
to the amount of biofilm present over the microplastic, for 
a given concentration of heavy metal in the environmen-
tal matrix. The normal methods adopted for separation 
of microplastics from an environmental matrix influence 
the heavy metal analysis results. Analysis after chemical 
separation results in the underestimation of heavy metals 
concentrations in microplastics and consequent impacts. 

Heavy Metal
Y intercept (mg/kg)

Kochi Kozhikode

Lead 240.6 135.6

Manganese 655.3 330.0

Copper 778.0 225.3

Zinc 1045.0 760.3

Cadmium 591.6 248.3

TABLE 4: Y intercepts from the graphs.

FIGURE 5: SEM images of Hand-picked samples, Distilled water washed samples and chemically separated microplastics.

(a) (b) (c)
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Nevertheless, plastics act only as vectors (that may trans-
port the pollution to other, more fragile environments) for 
the heavy metals that are anyways present in the waste. 
Therefore, a reduction of the heavy metal inflow is also an 
important measure that has to be taken into account.
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ABSTRACT
Worldwide interest in food waste has been grown over the years. According to the 
FAO about one third of all food produced for human consumption in the world is lost 
or wasted each year, amounting to about 1,6 billion tons per year. Food waste can 
become a source of valuable compounds which may be used as ingredients in cos-
metics, pharmaceuticals, or food products. This study aims to evaluate the use of a 
process simulation software, specifically SuperPro Designer®, to carry out a tech-
nical-economic analysis of an orange waste valorization process. Specifically, the 
extraction of free sugars, essential oils, antioxidant phenolic compounds and pectin 
were digitally replicated by reproducing the corresponding material and energy bal-
ances. An economic and environmental assessment were carried out to evaluate the 
feasibility of the biorefinery modeled. The amount of orange peel processed, utilities 
and raw material costs were identified as significant parameters in the analyses per-
formed. A sensitivity analysis was carried out to evaluate the profitability patterns 
under different operating conditions. Meanwhile, the aim of the environmental as-
sessment is to define a disposal inventory, which is the starting point for a life cycle 
assessment. As a result, SuperPro Designer® can be a valuable tool in the designing 
and optimizing food waste treatment systems, providing detailed descriptions of the 
process performance, and enabling cost-effective and sustainable waste manage-
ment practices. Indeed, the simulation accurately reproduced all the steps involved, 
identifying the total investment and the related economic parameters, as well as the 
outputs and the resulting disposal inventory.

1.	 INTRODUCTION
Food waste (FW) has become a problem of global 

concern that requires sustainable management strategies 
(Caldeira et al., 2020; Santagata et al., 2021). Valorization 
of FW through various processes is gaining attention to 
minimize waste and create valuable products (Dahiya et 
al., 2018). FW causes significant environmental impacts, 
including greenhouse gas emissions and resource deple-
tion (J. Banerjee et al., 2017). The valorization of FW offers 
the potential to reduce these impacts by converting waste 
into valuable products, such as biofuels, bio-based chem-
icals, and animal feed (Bhatia et al., 2023; Imbert, 2017). 

Circular economy can lead to economic benefits 
through the creation of new markets, job opportunities, 
and reduced disposal costs (Otles et al., 2015). Indeed, in 
Europe, the cost to dispose 1 ton of solid waste or 1 cubic 
meter of liquid waste ranged from 5 to more than 100€, for 
the period 2021-2023, including the landfill taxes (CEWEP, 
2023). An effective techno-economic analysis is essential 

to identify economically viable circular processes and op-
timize resource allocation (Ginni et al., 2021). In the con-
text of food waste valorization, a simulation software can 
assess the economic feasibility, energy consumption, and 
environmental impact of various valorization processes 
(Moncada B et al., 2016). Simulation software has emerged 
as a powerful tool to perform techno-economic analysis of 
food waste valorization processes (Li et al., 2022). 

Orange peels and fruit peels contain bioactive com-
pounds that have potential applications in the pharmaceu-
tical, cosmetic, and food industries (Maqbool et al., 2023). 
Indeed, simulation software can help optimize extraction pro-
cesses for maximizing yield and purity of these compounds. 

Anaerobic digestion is commonly employed to convert 
food waste into biogas (Leung et al., 2016). In this per-
spective, simulation software can be used to model and 
optimize key parameters, such as substrate composition, 
temperature, and hydraulic retention time to improve the 
efficiency of the biogas production.
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Orange peels and fruit peels can be used as feedstocks 
to produce bioethanol and biobutanol through fermenta-
tion processes (Sánchez et al., 2021). Moreover, for this 
application, the economic feasibility and process optimiza-
tion of these biofuel production pathways can be evaluated 
using simulation software. 

Simulation models heavily rely on accurate input data, 
which may be challenging to collect for food waste valori-
zation processes, since they involve numerous interrelated 
variables Developing accurate simulation models requires 
comprehensive data validation and verification against 
real-world operating conditions. For this reason, setting a 
standardized methodology for data monitoring, data col-
lection and data reporting becomes a matter of primary 
importance before the implementation of the analysis on 
a real case study based on primary data. In this regard, the 
present study, based on secondary data derived from the 
scientific literature, may also provide a framework for fu-
ture analyses on real applications. 

The purpose of this study is to investigate the appli-
cation of a simulation software for evaluating the feasi-
bility of an orange peel biorefinery, providing insights into 
its effectiveness and potential. Specifically, the details of 
the valorization processes and substrate characterization 
were taken from the data available in the scientific liter-
ature. Thus, the process flow diagram was digitally repli-
cated by modeling the equipment required to simulate the 
extraction techniques involved. As a result, economic and 
environmental parameters were evaluated through various 
scenarios by implementing a sensitivity analysis. 

Section 2 describes the methodology used by first intro-
ducing the software used for the investigation, the details 
of the orange peel and process characterization, and the 
framework used to set up the economic, sensitivity and en-
vironmental analysis. For the latter, the result will be an en-
vironmental inventory to perform a life cycle assessment. 
Section 3 highlights the results achieved by the analyses 
performed and finally section 4 outlines the conclusions 
and future developments.

2.	 MATERIAL AND METHOD
2.1	Process Simulation Software

In this research SuperPro Designer® (v. 12, Intelligen, 
Inc., Scotch Plains, NJ, USA) was used with the aim of devel-
oping a simulation model to perform a technical-econom-
ic analysis of a suitable orange peel valorization process. 

The first step in creating the simulation model was to 
define the physical, chemical, and environmental proper-
ties to characterize raw materials and input streams. Next, 
a digital flow diagram was designed by modeling all the 
equipment and operations involved in the process. Mean-
while, the economic and financial parameters of the biore-
finery were defined as a final step. Following these stages, 
the software can evaluate the output streams by solving 
the energy and mass balances. In this way, the equipment 
sizing can be adjusted to define the resulting purchase 
cost and thus carry out the economic analysis.

The effectiveness of this simulation process lies in the 
fact that the economic analysis and the evaluation of the 

disposal inventory were carried out by combining manufac-
turing, energy, and environmental operations models in the 
same tool.

2.2	Substrate characterization
Global orange production in the period 2022-2023 is 

estimated to be 5% lower at 47.5 million tons due to a low-
er production in the European Union (EU) and the United 
States (US). The EU production is forecast to decline by 
13% to 5.9 million tons due to dry and warm seasons in 
Spain and Italy (USDA, 2023).

In 2018, 6.5 million tons of oranges were harvested in 
the EU. Spain was the main producer with 3.6 million tons 
of oranges (56% of the EU total), while the other main pro-
ducers were Italy with 1.6 million tons (24% of the EU total) 
and Greece with 14% of the EU total (EUROSTAT, 2020).

According to (Meneguzzo et al., 2019), in 2017-2018 an 
amount of 36% of the global orange production was used 
for orange juice production, with orange waste amount-
ing for approximately 50-60% w/w of the processed fruit. 
Specifically, 65% of the orange waste was characterized 
by peels, while the remaining 35% was internal tissues and 
seeds (Meneguzzo et al., 2019; Negro et al., 2017). 

Table 1 shows the data collected for the modeling of 
the orange by-product biorefinery, with reference to Italian 
production in 2018.

The substrate composition, shown in Table 2, and the 
detailed process description were retrieved from a previous 
study (Tsouko et al., 2020). In particular, the available feed-
stock was assumed to be 7560 tons of orange peel per year, 
which represents about 5% of the orange peel available in It-
aly. According to this assumption, a quantity of 24 tons per 
day was evaluated, considering an operating time of 315 
days per year and 24 hours per day in a continuous mode.

2.3	Model and process description
The modeled process has six distinct sections: 

•	 Orange peel pretreatment
•	 Free sugars extraction
•	 Essential oils extraction
•	 Total phenolic compound extraction
•	 Pectin extraction
•	 Water and ethanol recovery and reuse

Thus, the resulting value-added compounds can be 
used as substrate in the cosmetic, pharmaceutical or food 
industries.

Component Stream [tons/year] Reference

Orange production 1 600 000 (EUROSTAT, 2020)

Orange processed in juice 
production

576 000 (Meneguzzo et al., 
2019)

Orange waste 288 000 (Negro et al., 2017)

Orange peels 187 200 (Negro et al., 2017)

Orange peels processed by 
the modelled biorefinery

7560 Author’s Data

TABLE 1: Data collected to model the orange by-product biorefin-
ery.
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The process flow diagram used to develop the simula-
tion model is reported in Figure 1.

2.3.1	Orange peels pre-treatment
The first step was to pretreat the orange peels to im-

prove the efficiency of the extraction process. For this pur-
pose, the orange peels were ground using a professional 
grinder referred to as GR-101 in the simulation model de-
veloped. Indeed, the extraction efficiency is closely related 
to the particle size of the raw material, since the contact 
surface area between the solvent and the matrix was in-
creased (Alsaud et al., 2020; M’hiri et al., 2015; Tsouko et 
al., 2020).

2.3.2	Free sugar extraction
Free sugar extraction was carried out via aqueous ex-

traction at 40°C for 1 h and with an appropriate solid-liq-
uid ratio (1:20, w:v). Assuming an extraction yield of 90%, 
115,93 kg/h of extract with 83% of free sugar was obtained 
(96,39 kg/h).

2.3.3	Essential oils extraction
Several authors have assessed different technolo-

gies for the extraction of essential oils (EO) from orange 
by-products. Specifically, EO were mainly represented by 
D-Limonene. For this reason, D-Limonene properties were 
used to model EO properties in the software database (Na-
tional Center for Biotechnology Information, 2023). 

 Conventional EOs extraction techniques include me-
chanical cold pressing, water-based distillation or steam 
explosion, microwave steam distillation or solid-liquid ex-
traction using conventional or organic solvents (Giwa et al., 
2018; Sahraoui et al., 2011; Siddiqui et al., 2022). 

In this research, the extraction of the EOs was per-
formed by steam distillation. Specifically, 22.8 kg/min of 
steam (ratio 1:50 w:w) was assumed to carry out the EOs 
extraction for 120 minutes, obtaining 1.57 kg/h of EOs (re-
moving up to 90% of the D-Limonene present in the peels) 
(Bustamante et al., 2016; Sahraoui et al., 2011).

2.3.4	Total phenolic compounds extraction
Various methods have been reported in the literature 

for the extraction of phenolic compounds from orange 
by-products. These extraction processes are very change-
ling to perform since phenols are very sensitive to certain 
conditions of high temperature and pressure (Xu et al., 
2010). 

Conventional solvent extraction based on ethanol was 
the most widely used extraction technique. There were 
also some interesting methods such as ultrasound assist-
ed extraction, microwave assisted extraction, supercritical 
and subcritical extraction, and high hydrostatic pressure 
extraction, which can improve the yield of the bioactive 
compounds and the energy efficiency of the extraction pro-
cess (M’hiri et al., 2014).

To this investigation, conventional solvent extraction 
was performed by using 80% ethanol. A mixture of peel 
powder and solvent, with a suitable ratio of 1:10 (w:v) was 
shaken at 200 rpm in the darkness using a mechanical stir-
rer for 30 minutes at 35°C (M’hiri et al., 2015). This process 
achieves an extraction rate of 2,19 kg/h, with 51,83% of to-
tal phenolic compounds. 

Component Percentage Stream [kg/h]

Moisture (%wet basis) 79.1 ± 0.01 791

Solid components (%dry basis) 20.9 ± 0.01 209

Ash 3.3 ± 0.20 6.93

Protein 6.6 ± 0.30 13.86

Free sugars 50.0 ± 2.01 107.1

Essential oils 0.7 ± 0.01 1.47

Phenolics 0.6 ± 0.07 1.26

Pectin 22.0 ± 0.02 46.2

Lignin 1.2 ± 0.05 2.52

Hemicellulose 5.4 ± 0.19 11.34

Cellulose 9.2 ± 0.21 19.32

TABLE 2: Orange peel composition.

FIGURE 1: Process flow diagram of the modeled biorefinery.
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2.3.5	Pectin extraction
Pectin extraction is a process that has already been 

consolidated at an industrial scale (May et al., 1990). In this 
model, the resulting stream was diluted with 2 M HCl solu-
tion with a suitable ratio of 1:20 (w:v) at 100°C for 1 hour. 
Subsequently, 1,5 M NaOH solution was added to adjust 
the pH of the resulting slurry to 4. The solid residue was 
separated from the mixture via decanter and the pectin-rich 
liquid stream was concentrated under vacuum to perform 
efficient concentration at low temperature to avoid pectin 
degradation. According to the evaluation performed, the 
residual solid (79,1 kg/h) were considered as a resource 
for other biorefineries involving hydrolysis processes of the 
cellulose and hemicellulose (Kulkarni et al., 2010; Tsouko 
et al., 2020). The extraction rate achieved is 562,20 kg/h, 
with 6,16% of pectin.

2.3.6	Water and ethanol recovery and reuse
A water and ethanol recovery and reuse system were 

simulated to reduce operating costs and to minimize the 
use of these valuable resources.

2.4	Economic analysis
SuperPro Designer® carries out technical-economic 

analysis by performing capital cost analysis, operating 
cost analysis, and cash flow analysis.

2.4.1	Capital cost analysis
According to (Rajendran et al., 2022), Direct Fixed Cap-

ital (DFC) should be estimated as a linear function of the 
equipment purchase cost (PC), considering also unlisted 
purchase cost. Direct cost (DC) such as piping, instrumen-
tation, insulation, electrical facilities, buildings, yard im-
provement, auxiliary facilities and unlisted equipment pur-
chase cost were expressed as a fraction of the section’s 
total equipment PC. While side, indirect cost (IC), i.e., en-
gineering, and construction were expressed as fraction of 
the section’s total DC. Other cost (OC) such as contractor’s 
fee and contingency cost were the fraction of the section’s 
sum of DC and IC. 

Capital cost analysis performed by the simulation soft-
ware included other cost, such as the working cost, start-
up cost and the validation cost. In this analysis, possible 
cost of R&D and royalties was not considered.
DFC = DC + IC + OC                                                                                                                          (1)

2.4.2	Economic analysis parameters
Time evaluation and financial parameters had to be set 

based on the investment costs. 
Specifically, the time required for the project realization 

and the related inflation was important to characterize the 
first topic. 

The annual inflation rate and the net present value inter-
est have been evaluated by considering the new European 
forecast. In addition, the construction and start-up peri-
od were set to 24 months, while the project lifetime was 
assumed to be 20 years. Construction and start-up costs 
were estimated to be 5% of DFC (Herrera Barragán et al., 
2022). 

The second issue was the financial aspect. In this case, 
the depreciation time was set at 10 years, the DFC outlay 
was defined as 30% of the DFC for the first three years, and 
the loan period was 10 years for the DFC and 6 years for the 
working capital (Kwan et al., 2018). 

2.4.3	Operating cost analysis
The annual operating cost (AOC) included the cost of 

the raw materials, labor, consumables, quality control, qual-
ity assurance, waste treatment or waste disposal, mainte-
nance, and utilities. 

For this analysis, 10 people were assumed (including 
8 operators, 1 QC analyst and 1 supervisor) to work 1720 
hours per year. The total labor cost for each operator was 
determined by multiplying the European average labor 
cost, based on the European Qualifications Framework 
(EQF), by a lumped rate factor (it includes labor benefits or 
administrative costs of labor) (European Union, 2023). Fur-
thermore, 15% of the total labor cost was allocated to cover 
quality control and assurance cost (Nguyen et al., 2020). 

Asit can be seen in Table 3, the cost of the raw mate-
rial has been set individually for each material. The cost 
of waste disposal or waste treatment was also evaluated 
individually according to the material balances and the re-
quired treatment specifications.

The utilities costs were investigated by defining the 
contribution of each energy source. Specifically, the cost 
of the electricity was set at 0,51 €/kWh and the cost of pro-
ducing 1 ton of steam was assumed to be 95 €/ton (Global 
Petrol Prices, 2023).

To cover the cost of insurance, local taxes, and factory 
expenses, an amount of 1%, 2%, and 5% of the DFC was 
assumed, respectively. Finally, the cost of maintenance has 
been set individually for each equipment while the depreci-
ation cost was determined considering a depreciation peri-
od of 10 years (Herrera Barragán et al., 2022). 

2.4.4	Profitability analysis
The cash flow analysis was an assessment of the annu-

al net cash flow over the life of the project. This evaluation 
involved several calculations, and the results were reported 
in the Cash Flow Analysis Report (CFR).

Three different parameters were examined to carry out 
the profitability assessment. Specifically, they were:

Gross Margin (%) =                                                                            (2)

Return on Investment (ROI %) =                                                            (3)

Payback time (years) =                                                                                  (4)

The Gross margin is a direct measure of profit, describ-
ing the percentage of the revenues that are actual profit (2). 

Return on investment is another profitability measure 
used to assess the feasibility of an investment or to com-
pare the profitability of different investments (3). If an in-
vestment does not have a positive ROI, or if there are other 
opportunities with a higher ROI, the investment should not 
be undertaken. 

Finally, the payback time is the inverse measure of ROI. 
Indeed, it is a measure of the time needed to receive the cu-
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mulative net profits that exactly balances the total capital 
investment (4).

To perform the profitability analysis, the resulting reve-
nues were evaluated by defining the selling price according 
to the references and considering the purity level achieved 
by the processes modeled. Assumed selling prices are re-
ported in Table 3.

2.4.5	Sensitivity analysis
A sensitivity study has been performed to assess the 

predicted biorefinery performance under various operating 
circumstances. Based on the outcomes of the system de-
signed using the procedure outlined in (Tsouko et al., 2020), 
a few significant variables were determined by considering 
their influence on the profitability analysis outputs. These 
were the demands for orange peels (kg/h) and the costs of 
utilities (water and steam) (€/Smc). A factorial experiment 
has been implemented to evaluate how these combined 
factors impact on the profitability outcomes. Specifically, a 
variation between 0 and 100 percent with a step of 25 per-
cent has been assumed for each factor, yielding 192 poten-
tial combinations of each element. The 50 percent value of 
each element has been selected as the baseline. To solve 
the corresponding materials and energy balances, every 
combination has been imported into the model using the 
SuperPro Designer COM library. The resulting profitability 
metrics were compiled together into a unique data frame 
with the aim to provide three-dimensional graphs that il-
lustrate the results patterns (IRR, ROI Gross Margin) with 
different factors.

2.5	Environmental analysis
In SuperPro Designer®, several input properties can be 

set to generate a disposal inventory to perform an environ-
mental impact analysis. Specifically, the information on the 
disposal streams have been reported in two reports, the 
Environmental Impact Report (EIR) and the Emission Re-
port (EMS). 

The first defines the environmental impact of the pro-
cess output streams, identifying all chemicals that are ei-
ther regulated by the US Environmental Protection Agency 
(EPA) or marked as hazardous by the user. Each waste 
stream can be categorized as aqueous, organic, and sol-
id waste or such as emissions. In addition, environmen-
tal load properties (including TOC, COD, NH3, and others) 
concentrations were assessed during the analysis and an 

appropriate treatment or disposal cost was assumed for 
each category. 

To assess the effect of the chemicals, two different 
regulations required by US government were considered, 
EPCRA Section 313 and 33/50 Program. According to the 
first regulations, facilities were required to report annually 
a Toxic Chemical Release Inventory, which includes all the 
releases to the environment and other waste management 
of toxic chemicals that occurred during the previous calen-
dar year (EPA, 2023). 

Pollution indices were reported in the last section of the 
EIR report. These indices are representative of the environ-
mental performance of the developed process:

                                                                                                                 (5)

                                                                                                                           (6)

The first index represents the ratio of the total amount 
of waste generated per kg of the main revenue stream pro-
cessed, which is in this case the pectin rich liquid due to 
the large volume. The second index considers the same 
amount of waste generated but related to kg of raw ma-
terial used. The analysis carried out provides also specific 
index to assess the ratio between the single stream waste 
(i.e, solid, aqueous, and pollutant) generated and the kg of 
main revenue stream or raw material.

The second report generated (EMS) provides informa-
tion on the air pollutant impacts related to the whole pro-
cess or individual procedure. For each air pollutant identi-
fied, the procedure/operation averaged component rates, 
the time-averaged component rates, and the total amounts 
have been assumed. 

As a result, the outputs of this analysis can be used to 
perform a life cycle assessment with the aim of assessing 
the sustainability of the processes involved. 

3.	 RESULTS AND DISCUSSION
3.1	Capital Costs Analysis Result

The results of capital cost analysis carried out by us-
ing the equation (1) are reported below. As can be seen, 
the amount of the DFC is more marginal than the annual 
operating cost.

•	 DFC = 7 129 000 €
•	 AOC = 38 855 000 €

Raw Material Purchase Cost [€/kg] Reference Revenue Selling price assumed 
[€/kg] Reference

Orange peels 0,0025 (S. Banerjee et al., 
2022)

Free sugars 1 (Foodcom, 2023)

HCl (37%) 0,3 (MERCK, 2023) Essential oils 10 (Cbi, 2023)

NaOH 0.3 (MERCK, 2023) Total phenolic com-
pound 20 (Fisher scientific, 

2023)

Ethanol 0.62 (Trading Economics, 
2023) Pectin rich liquid 10 (MERCK, 2023)

Water 1.5E-3 (ARERA, 2023) Solid residual to 
Hydrolise 3 (MERCK, 2023)

TABLE 3: Raw material cost and revenue for each by – product expressed as €/kg.

1    

2    
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3.2	Operating Costs Analysis Result
The value of the annual operating cost (AOC) based on 

the analysis carried out by the simulation software is 38 
855 000 €. Figure 2 shows the distribution of the different 
item cost related to the AOC to identify the main cost item, 
which is the cost of utilities (78%), followed by the cost of 
the raw materials (17%), the labor-dependent cost (2%), the 
cost of the depreciation (2%), and the other facility – de-
pendent cost (2%).

3.3	Profitability Costs Analysis Result
The modeled process gave a high ROI and a very short 

payback time. These highlight the profitability of the pro-
cess which recovers over 60% of the initial investment in 
1.57 years with a gross margin of 17.91%. As reported be-
low:

•	 Gross margin (%) = 17,91%
•	 ROI (%) = 63,69%
•	 Payback time (years) = 1.57 years

3.4	Sensitivity Analysis Result
The annual operating cost section highlights how the 

utilities and raw materials are the major operating cost 
items. Indeed, the high influence of the former is due to the 
large amount of steam and water required to perform the 
heat transfers throughout the process. Similarly, the costs 
of the raw materials are also significant due to the large 
amount of water required to process the orange peels. 
According to the capital cost section, the DFC is linearly 
dependent on the equipment purchase cost, which is in-
fluenced by the volume of orange peel processed by the 
biorefinery. 

As a result, the orange peels demand, the steam pro-
duction costs, and the water supply and distribution costs 
were assumed as significant factors to carry out the sensi-
tivity analysis. Figures 2 (a-b-c) show the patterns of gross 
margin, ROI, and payback time related to the combination 
between the identified factors.

3.5	Environmental Analysis Result
The performed environmental analysis highlights dif-

ferent indices, reported below, which show how much 
waste has been generated in relation to the main product 
of the biorefinery and the raw materials processed. The 
results show that 1.33 kg of waste was generated to pro-
duce 1 kg of pectin rich liquid. At the same time, according 
to the equation 6, total waste represents the 50% of the 
processed raw material. As it can be seen below, the main 
waste stream is represented by the aqueous stream.

4.	 CONCLUSIONS
Waste management and waste valorization are the 

key drivers for reducing the environmental impact and in-
creasing the economic growth. Indeed, several value-add-
ed products can be produced by valorizing the FW such as 

Y1  1.33    
    

 

Y2  0.50    
   

 

FIGURE 2: a) Gross margin vs. orange peel demand, water, and 
steam costs; b) ROI vs. orange peel demand, water, and steam 
cost; c) Payback time vs. orange peel demand, water, and steam 
costs.
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biofuels, bio – based chemicals, and animal feed. Specifi-
cally, the attention on the bioactive compounds contained 
in fruits and agri-food products has grown over the years 
since they have potential applications as ingredients in the 
pharmaceutical, cosmetic and food industries. The scientif-
ic literature shows how several strategies for the extraction 
of these substances from FW have been investigated on a 
laboratory scale. With the aim of scaling up these process-
es to a pilot plant or industrial level, a technical-economic 
analysis had to be carried out to assess their feasibility. At 
the same time, the evaluation of some environmental pa-
rameters related to the processes involved is an essential 
step for the optimal design of a valorization process. The 
mentioned evaluations can be performed by using the sim-
ulation software to produce a digital replica capable of reli-
ably reproducing the characteristics of the real processes.

The aim of this study is to investigate the application 
of a simulation software, SuperPro Designer®, to assess 
the feasibility of an orange peels valorization biorefinery, 
providing insight into its effectiveness and potential. Spe-
cifically, scientific evidence highlights how the substrate 
investigated can be a source of free sugars, essential oils, 
antioxidant phenolic compounds, pectin, cellulose, and 
hemicellulose. The modeled biorefinery was able to pro-
duce all the mentioned compounds by involving a series of 
extraction strategies. 

As the first step, all the raw material and stream prop-
erties (physical, chemical, economic, and environmental 
properties) were initialized. In addition, all the economic, 
financial, and environmental parameters were defined with 
the aim of performing the technical-economic analysis and 
generating the disposal inventory. Next, all the equipment 
involved in the process was modeled to replicate the corre-
sponding process flow diagram. At this point the software 
can evaluate the output streams by solving the energy and 
mass balances. As a result, the sizing of the equipment can 
be adjusted to define the resulting purchase cost and thus 
perform the economic evaluation. The latter was based on 
the direct fixed capital cost and annual operating cost. In 
particular, the former was characterized by the direct and 
indirect costs, which were a linear function of the equip-
ment’s purchase cost. Meanwhile, the most influential an-
nual operating costs were raw materials and utilities costs. 
Three different parameters, gross margin, return on invest-
ment, and payback time, were examined to evaluate the 
profitability performance. Furthermore, a sensitivity analy-
sis was performed to evaluate the patterns of the profita-
bility indices by varying the parameters that have a relevant 
influence on the economic evaluation. 

The simulation software provided the environmental 
impact and emission reports. From these, two different 
indices were identified to preliminary quantify the waste 
generated. Specifically, the first described the ratio be-
tween the amount of waste and the stream with the high-
est mass flow, while the second showed the ratio between 
the amount of waste and the raw material processed. In 
addition, the resulting reports provided an environmental 
inventory useful for further analysis focused on a life cycle 
assessment.

Digging deeper into the results, valorization processes 

represent a sustainable strategy to address the pressing 
issue of the FW. In this perspective, simulation software 
has emerged as a valuable tool for technical-economic 
analysis of food waste valorization processes. Potential 
assessments include economic viability, resource optimi-
zation, and environmental inventory management. 

Despite some limitations, ongoing advances in simu-
lation software and data availability hold promising pros-
pects for further improving the effectiveness and accuracy 
of such analysis. Future research should focus on refining 
simulation models and integrating advanced technologies 
to support sustainable food waste valorization practices. 
Data collection and reporting on waste recovery processes 
also needs to be improved and standardized.
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ABSTRACT
SDG target 12.3 aims to reduce household avoidable food waste by half by 2030. This 
study introduces the “Tokyo Method,” designed to quantify and categorize house-
hold food waste for reduction. The method divides avoidable food waste into three 
groups: A: unused ingredients, B: unused ready-to-be-eaten foods, and C: leftovers, 
with a goal of reducing their volume. Edible parts intentionally removed from the 
main food are placed in a separate category ”De”, while inedible parts like seeds and 
bones have their own classification ”Di”. An internet survey involving 1,254 partici-
pants in Japan assessed perceptions of 65 food items and their parts. Most respon-
dents considered peels, cores, seeds, and stems of fruits as inedible, but there were 
exceptions like apple peels. Regarding vegetable parts like potato peels and cabbage 
leaves, a good number of respondents are aware that they could be eaten, but it is 
only a minority that believe they should be eaten, or they actually eat those parts. In 
conclusion, the study suggests excluding the “De” category from the primary food 
waste reduction target, as forcing the consumption of intentionally removed food 
parts is not a priority. This research sheds light on the complexities of food waste re-
duction, considering cultural and individual preferences regarding edible food parts.

1.	 INTRODUCTION
Level 2 of Food Waste Index for SDG target 12.3 recom-

mends classifying food waste into edible (avoidable) and 
inedible (unavoidable) parts wherever possible, and reduc-
ing waste of edible parts. However, even in societies with 
homogeneous food cultures, it is difficult to clearly distin-
guish edible and inedible parts. Therefore, the separation 
of edible and inedible parts is not mandatory and remains 
as a recommendation. The Japanese authorities designat-
ed the “edible portion of food” as the target of household 
food waste that should be halved by 2030. However, it is 
difficult to clearly classify household food waste into “ed-
ible food waste” and “inedible food waste”. Under these 
circumstances, we developed the “Tokyo Method,” a clas-
sification method that enables quantification of household 
food waste through waste sorting analyses. Our objective 
was to develop a method that is internationally agreeable 
and adoptable, and that (1) generates useful information 
for policymaking and for tackling with reduction of food 
waste, (2) makes clear the concept of avoidable food 
waste, and (3) is practical and does not overcomplicate the 
work of grasping the situation of food wastage (Okayama 
et al 2021).

In the household, food is input, used and eaten, and the 
remainder is output, as shown in Figure 1. Food inputs are 
divided into two categories. The first are ingredients that 
are to be prepared (cooked), such as vegetables, meat, and 
fish, and the second are prepared foods or (almost) ready-
to-eat foods, such as instant foods and frozen foods, or 
ready-to-eat items sold at takeaways.

Based on our discussion above, we define “unused 
food” and “leftovers” as “avoidable food waste” from 
households. Under our definition, avoidable food waste 
does not include intentionally removed parts in cooking 
(preparation residues), even if they are potentially edible. 
Unused food can be further divided into two categories: A: 
unused food ingredients (ingredients for cooking) and B: 
unused ready-to-be eaten (prepared) food (food that has 
not yet been placed on the table, or one unit of food that 
has been prepared to the last stage before consumption). 
A third category of avoidable food waste is C: leftovers, 
that is plate residues excluding parts that are deemed ined-
ible and removed while eating. Thus, avoidable food waste 
consists of categories A, B, and C. 

Apart from this, intentionally removed parts of food falls 
under category D, which has two subcategories. Removed 
parts that are potentially edible but not always consumed 
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are classified as “De” (e.g. potato peel, fish skin), while 
physically (biologically) inedible parts such as seeds and 
bones belong to a separate classification “Di”. Category De 
can be a margin for food waste reduction, but at the time 
being we do not include this as target for reduction. This 
classification D is quantifiable but difficult to reduce. As 

such wastes are inevitable when consuming the major (in-
tended) part of food, we consider that they do not deserve 
to be included in the priority target items for reduction. Ta-
ble 1 shows the classification of the Tokyo Method*. This 
classification of the Tokyo Method has been validated by 
multinational participants at Sardinia 2019, UN workshops 
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FIGURE 1: Generation of waste in the flow of food in households.

TABLE 1: Detailed categories of the classification system and the levels system of the Tokyo Method.

Level
Definition

1 2 3 4 5
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e 
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od
 w

as
te

A/
B 

Un
us

ed
 fo

od

A Unused 
ingredi-
ents

A1 Unopened ingre-
dients

Unopened ingredients in packaging

A2w Whole unused 
ingredients

Whole unused ingredients not in/without packaging

A2wf Home-grown 
vegetables

Large amounts of harvest that appears to be home-grown such as with irregularities and extensive 
stems.

A2p Partly used 
ingredients

Partly used ingredients in or without packaging

B Unused 
ready-to-
be-eaten 
food

B1 Unopened ready-
to-be-eaten food

Unopened ready-to-be-eaten food in packaging 
including in unopened individual packages

B2 Uneaten ready-to-
be-eaten food

Whole unused ready-to-be-eaten foods without packaging, and partly unused ready-to-be-eaten foods 
in packaging, including food in plastic wrap assumably intended for storage, such as steamed rice 
wrapped in cling film. 
However, obvious leftovers such as remains in disposable lunchbox are classified into leftovers even 
in packaging.

B’ Unopened drinks Unopened drinks in packaging

C Leftovers C Leftover food Ready-to-be-eaten or cooked food that appears to have been disposed after being served and 
partially eaten. In principle, without packaging.  However, partially eaten food left in packaging that is 
designed to serve as plate/bowl (food that is designed to be eaten directly from the packaging) also 
qualifies as leftover food.

C’ Leftover drinks Leftover drinks in bottles or packaging

N
on

-a
vo

id
ab

le
 fo

od
 w

as
te D Intentionally removed 

parts
De 
Possibly 
avoidable

Intentionally removed parts that are physically edible such as vegetable scraps, meat fat, fish skin, 
cooking oil, bread crust and kelp for soup stock. 
However, vegetable waste such as corn cores, which are clearly inedible and may have a significant 
quantity, are classified into “inedible parts”.

Di Inedi-
ble parts

Intentionally removed parts that are physically difficult to eat such as fruit scraps, seeds, bones, 
eggshells, shells, used coffee grounds and bagged soup stock. 
However, fruit scraps which are clearly edible and may have a significant quantity such apple peels, 
are classified into “possibly avoidable”.

E Unclassifiable E Unclas-
sifiable

Very fine food waste that gets caught in kitchen sink strainers, or food waste blended with non-food 
waste that is difficult to sort further.
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etc., and has been confirmed to have a low margin of error 
in international understanding (Okayama et al 2021). 

Note that formally, the United Kingdom addressed the 
complexity of the definition of edible /inedible by clas-
sifying food waste into three categories (Nicholes et al 
2019):

i) 	 Avoidable: food and drink that was edible at the time 
before it was discarded (e.g., bread slices, apples, 
meat).

ii) 	 Possibly avoidable: food and drink that some people 
eat and others do not (e.g., bread crusts), food and 
drink that is edible in one preparation but not in another 
(e.g., potato skins).

iii) 	Unavoidable: food or drink that is not and could not be 
eaten under normal conditions (e.g., eggshells, meat 
bones, pineapple peels).

If we apply the Tokyo Method classification to this 
WRAP classification, “A & B”: unused food and “C”: Lefto-
vers fall under “i) Avoidable”, while De falls under “ii) Possi-
bly avoidable” and Di under “iii) Unavoidable”.

Nicholes et al (2019) specifically reclassified “ii) Possi-
bly avoidable” into either edible or inedible in order to elim-
inate the grey zone between avoidable and unavoidable. 
They conducted a large-scale questionnaire survey in the 
whole UK asking whether people consider the items should 
be eaten, and whether they actually eat them. As a result, 
most of the items previously classified as “possibly avoid-
able”, such as bread crusts and potato peels, were reclas-
sified as edible. 

On the other hand however, we decided to maintain the 
“De” classification. This is a part of food that may be edi-
ble, but the person who disposed of it did not want to eat 
or did not eat for whatever reason, and was intentionally 
removed. We do not intend to add De to the categories of 
Avoidable food waste, as we consider it a low priority as 
a reduction target. Category “De” was set up to indicate 
possibilities for the next step, to secure comparability with 
other sorting categorisation schemes, and for operational 
clarity of sorting under the Tokyo Method. By defining “De”, 
it becomes clearer what falls under categories A, B, and 
C, that are priority items for food waste reduction. Hence 
we decided to look into depths on people’s behaviour and 
attitudes towards items that tend to be removed at prepa-
ration and thrown away. 

The methodology of this study is similar to that of 
Nicholes et al (2019), which is so far the only literature 
geared to the international audience with a focus on draw-
ing a line between avoidable and unavoidable food waste. 
This paper is in response to it, describing an adaptation of 
their method applied in the UK to Japan, with a modified 
concept of categorisation. 

As with Nicholes et al, we have conducted a question-
naire survey to the general public on the extent to which 
food parts are generally considered by the public as “ed-
ible” or “inedible”. In our survey, the list of food items are 
modified to fit the current Japanese culinary custom, and 
their number was increased to 65 from Nicholes et al’s 16, 
to designate more specific parts of food items. Also we 

adopted different criteria for deciding whether avoidable or 
unavoidable. Nicholes et al only asked about self-reported 
consumption and general perception of edibility, We asked 
about perceptions of normative, physical, and conditional 
edibility, as well as actual consumption. This paper reports 
the results of the survey and adds some discussion on the 
implications and relevance of categorisation of avoidable 
(edible) versus unavoidable (inedible). 

2.	 MATERIAL AND METHODS 
We have conducted a survey to the general public, uti-

lising the internet survey panels of Intage inc*. The detail of 
the survey is as follows:

•	 Survey method: Internet survey
•	 Survey area: Nationwide (any region) in Japan 
•	 Survey period: March 15 to 17, 2021
•	 Screening: We limited the respondents to those that 

eat regularly at home, are in charge of cooking dinner 
at least twice a week, and deal with disposing of food 
waste.

•	 Sample size: males and females in 6 age groups from 
20s to 70s and over: quota was set at 100 per each stra-
tum. Total 1,254 valid responses, including a few extra 
responses for each stratum in case of removing re-
sponses of doubtful quality. We found no objectionable 
responses, and treated all 1,254 responses as valid. 

•	 Number of food (parts) items: 65.
•	 Questions and options: Please select all options that 

apply to your situation of eating /not eating the follow-
ing foods (parts).

1) 	 I think this food/part should be eaten
2) 	 I think I could eat this food/part if I wanted to
3) 	 I usually (most of the time) eat this food/part
4) 	 I may or may not eat this food/part, depending on the 

type
5) 	 I may or may not eat this food/part depending on how it 

is prepared
6) 	 This food/part does not fall into any of the above cate-

gories

The 65 items (parts) are foods (parts) commonly found 
as Category D when sorting household waste according 
to the Tokyo Method. For example, tomatoes are the most 
commonly eaten vegetable in Japan, but were excluded 
from this survey because discarded tomatoes and toma-
to peels are rarely seen in household waste. We purposely 
included “tricky items”; those items that triggered a dis-
cussion among the researchers while devising the initial 
version of Tokyo Method, as well as those that the sorting 
staff found puzzled while conducting the sorting analysis. 

The 65 items (parts) included 6 seafood items such as 
fish peels and shrimp tails; 10 fruits (parts) such as apple 
peels and banana peels; 39 vegetables (parts) for example 
peels of potatoes, carrots, and radishes, outer leaves and 
cores of cabbage, spinach and komatsuna stubble (stump), 
base of enoki and shiitake mushrooms, cucumber and bell 
pepper stems, and broccoli stalks. Finally, there are three 
incidental items such as burnt toast. 
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Options 1-5 asked whether the item was objectively 
(physically) or subjectively (normatively) considered edible, 
as well as the circumstances under which it was or could 
be eaten (conditional edibility); option 6 is for an item that 
none of option 1-5 applies. Basically they are items that the 
survey respondents consider inedible in all circumstances, 
or the food itself was unknown to them or they had never 
been eaten it. In other words, foods (parts) with an dom-
inantly high value of option 6 compared to 1-5 should in 
theory fall into category “Di” in the Tokyo Method. 

3.	 RESULTS AND DISCUSSION
Table 2 lists the 65 items in the order of “inedibility” (% 

of those who chose option 6). Through cross tabulation by 
gender and age, we found little gender difference. We limit-
ed the respondents to only those who are regularly engaged 
in meal preparation, and this condition may have contrib-
uted to the lack of difference. Regarding age, for some 
items, there was a higher recognition of potential edibility 
(response option 2) as age progressed (e.g., leaves of root 
vegetables). Older generations may be more knowledgea-
ble on traditional ways of making use of the whole ingre-
dient, or through experience they have come across meth-
ods to utilise parts that are usually not eaten (for example, 
watermelon rind could be pickled: more than 17% of those 

over 70 chose that this part could be eaten). However, there 
was not a big difference by age in actual consumption of 
items (option 3: e.g., hardly anybody regularly eat watermel-
on rind, less than 1% in almost every age group). For some 
items, the younger age groups were higher in actual con-
sumption. 

Regional differences were hard to detect. For example, 
it is being said that people in East Japan favours the white 
part of leek (negi) while those in West Japan do not mind 
eating the green part towards the top. However, there was 
no statistically significant difference in the proportion of any 
of the responses (options 1-6) regarding this part of leek. 

Comparing the results of Nicholes et al (2019) with 
ours, both UK and Japanese consumers agree that crusts 
of sliced bread can be and is being eaten. Apple peel also 
turned up high in the edibility list for both countries, but 
while in the UK both actual consumption (78%) and per-
ception (86%) are high, not many Japanese usually eat this 
item (response option 3: 18%) although they consider it 
can or should be eaten (options 1-5: 83%). UK consumers 
are more positive about eating potato skins (5th item in the 
ranking of edibility. Perception: 77%) than those in Japan 
(options 1-5: 52%). In Japan stems (e.g. that of broccoli) 
and outer leaves (e.g. cabbage) of vegetable are consid-
ered more edible than potato skin (see table 2), while in the 
UK it is the opposite. 

TABLE 2: List of items in the order of “inedibility” (% of option 6).

92,7% Shellfish shell 56,4% Bottom of onion 24,8% Pumpkin skin

92,0% Corn husk 54,4% Carrot petiole 24,6% Shrimp tail

91,9% Strawberry calyx 51,0% Contents of the tip of banana 24,4% Sudachi citrus (garnish)

90,5% Corn cob 50,6% Top of onion 23,8% Fish bones

90,1% Banana peel 48,5% Potato peel 23,5% Fresh parsley (garnish)

86,4% Enoki stem (bottom 1 cm) 45,1% Cabbage core 22,7% Burnt food/dishes

86,0% Edamame pods 44,1% Lettuce core 21,9% Shiitake stem

85,1% Nut shells 40,4% Fish guts 20,3% Broccoli stems

82,5% Brown skin of onion 39,7% Komatsuna stubble 19,1% Cut or sliced lemon (garnish)

81,6% Watermelon seeds 38,7% Food dropped on the floor 16,7% Apple peel

77,6% Apple core 38,4% Leek stubble 15,0% Inner membrane of mandarin

76,7% Pumpkin wad 37,3% Cut surface of daikon radish 13,6% Enoki stem (3-5cm above the 
bottom)

74,4% Green pepper calyx 36,2% Daikon petiole 13,0% Daikon leaves

73,7% Mandarin orange peel 35,3% Spinach stubble 12,6% Tsuma (shredded radish, garnish)

73,4% Peach peel 32,3% Chive stubble 10,4% Top green part of leek

72,2% Watermelon rind 32,1% Cabbage leaf core 10,1% Fish skin

70,2% Green pepper seeds 31,6% Enoki stem (1-3cm above the 
bottom) 5,4% Pizza crust edge

70,2% Cucumber calyx 30,2% Outer leaves of cabbage 5,3% Rice grains left in cooker or bowl

68,9% Pumpkin seed 30,1% Daikon peel 3,3% Bread crust

65,5% Oil after deep frying 29,8% Confectionery dropped on the floor

63,1% End of shiitake stem 29,7% Carrot peel

29,4% Outer leaves of Chinese cabbage

27,0% Outer leaves of lettuce

26,2% Chinese cabbage stubble

26,1% Sweet potato peel
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FIGURE 2: (A) Edamame Pod, (B) Apple Core, (C) Apple Peel.

The discrepancy between actual consumption and per-
ceived normative and physical edibility varied depending 
on items. Notable results are mentioned in the analyses of 
each item in the sections below. Looking into the results of 
each item, we found that the food parts could be clustered 
into three groups: “Undoubtedly inedible group (Di)”, “De 
and Di borderline group”, and “Rather avoidable De (almost 
A or C) group. The reason why there was not a distinct “De” 
group is probably because of the intentional selection of 
the food parts. 

3.1	Undoubtedly inedible group (Di)
This group consists of the following items (% of op-

tion 6): Shells of shellfish (92.7%), apple cores (77.6%), 
banana peels (90.1%), peach peels (73.4%), mandarin or-
ange peels (73.7%), watermelon peels (72.2%), watermelon 
seeds (81.6%), strawberry calyx (green leaves attached to 
strawberry) (91.9%), brown onion skins (82.5%), pumpkin 
seeds (68.9%) pumpkin wads (soft part surrounding the 
seed) (76.7%), bell pepper seeds (70.2%), bell pepper calyx 
(74.4%), edamame pods (Figure 2A, 86.0%), cucumber calyx 
(70.2%), corn husks (92.0%), corn cobs (90.5%), nut shells 
(85.1%), bottom of enoki mushroom (86.4%), bottom of shii-
take mushroom stem (63.1%), and used cooking oil (65.5%).

The peels, cores, and seeds of fruits, and seeds, calyx-
es, and roots of vegetables tend to be considered almost 
physically inedible, since less than 5% of the respondents 
answered “1 should eat” and more than 70% answered “6 
other” with few exceptions. 

Of the above, for apples, the core (Figure 2B) is classi-
fied as Di, but the peel (Figure 2C) is considered physically 
edible by 29.2% of the respondents who say it should be 
eaten and 17.6% who say it is usually eaten. In Tokyo Meth-
od, as a general rule fruit peels are classified as Di, with the 
exception of apple peels, which are classified as De. 

It is not surprising that an overwhelming proportion 
(90.1%) chose option 6 for banana peels. However, we of-
ten find bananas discarded in waste sorting analysis with 
about 3-5 cm of the contents remaining with the peel (Fig-
ure 3A). Therefore, we asked about that portion as well (Fig-
ure 3B). While 20.0% responded that this portion should be 
eaten, 51.1% chose option 6. This means that more than 
half of the respondents answered that this part is not to be 
eaten. When we have found such items in the sorting anal-
yses, we have been classifying them as “De” in the Tokyo 

Method. There was a discussion this part could even be 
considered as category C (unfinished leftovers) i.e., count 
them as avoidable. The results showed that many Japa-
nese are rather surprisingly wasteful in eating bananas. 

As for mandarin oranges, we often find in sorting analy-
ses that only the juice inside the fruit is sucked out and the 
soft membrane of the sections inside is discarded (Figure 
3C). We asked about this part, and found that many people 
eat the section membrane and consider that it should be 
eaten. In other words, if this part is discarded after absorb-
ing the juice, it would be classified as De considering that 
the membrane is intentionally removed, while if the manda-
rin sections was discarded as is, it may be considered as 
B2 (whole fruit) or C (partly eaten).

For onions, its outer brown skin (Figure 3D) is desig-
nated as Di together with skin of corn cobs in the Tokyo 
Method as an exception to the general rule that vegetable 
skins are De. The bottoms of onions (56.4%, Figure 3E) and 
the tips of onions (50.6%, Figure 3F) are also designated 
as Di, however the survey results suggested it is difficult 
to say that they are absolutely inedible, since around 10% 
of the respondents answered, “1 should eat them” and “3 I 
generally eat them”. 

Regarding enoki mushrooms, we asked about three 
parts (Figure 4A). Enoki mushrooms are sold in bags each 
containing a bunch. The bags are often coloured or printed 
towards the bottom, and some consumers use the edge 
of printing as a guideline for cutting off the bottom part. 
Probably this is the reason why we find in sorting analysis 
bottom part of enoki cut off at line 3. Only the bottom-most 
part about 1 cm from the root was considered inedible by 
the respondents (Figure 4B), while the part above that, peo-
ple consider edible and actually do eat (Figure 4C and 4D). 
Shiitake mushrooms, as with enoki mushrooms, which are 
both popular mushrooms in Japan, the bottommost part 
is considered inedible (Figure 4E) and the stem as edible 
and eaten (Figure 4F). These trends agree with the De / Di 
demarcation in the Tokyo Method.

3.2	De and Di borderline group 
This corresponds to the group of food items with 

30%~50% of the respondents choosing option 6 in the 
questionnaire. Category D is food (parts) that were inten-
tionally removed and not eaten, and as mentioned earlier, 
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FIGURE 4: (A) Enoki Mushroom Sections, (B) Enoki cut at line (1), (C) Enoki cut at line (2), (D) Enoki cut at line (3), (E) End of Shiitake Stem, 
(F) Shiitake Stem.

                   
        (A)                                  (B)                                       (C) 

   
                 (D)                               (E)                                 (F) 
 
  FIGURE 3: (A) Banana “handle”, (B) Contents of the end of the banana, the part you were holding when you peeled and ate it, (C) Mandarin 
Sections, (D) Outer Onion Skin, (E) Bottom of Onion, (F) Tip of Onion.

                   
        (A)                                  (B)                                       (C) 

   
                 (D)                               (E)                                 (F) 
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                (G)                                (H)                               (I) 
  
FIGURE 5: (A) Fish Entails, (B) Fish Bones, (C) Fish Skin, (D) Shrimp Tail, (E) Potato Peel, (F) Cabbage Core, (G) Petiole of Daikon, (H) Petiole 
of Carrot, (I) Petioles.

Di is the part of a food item that is physically most difficult 
to eat. On the other hand, this group is understood as foods 
(parts) that are De (possibly edible) but near to Di.

The following food items are in this group: fish entrails, 
potato peels, carrot petioles (junction of carrot leaves and 
carrot), radish petioles, cut surface of partly used daikon, 
outer leaves of cabbage, outer leaves of Chinese cabbage, 
outer leaves of lettuce, lettuce core, cabbage leaf core, cab-
bage body core, Chinese cabbage stubble (stump), komat-
suna stubble, spinach stubble, chive stubble, leek stubble, 
and the inner part of the tip of a banana (as mentioned ear-
lier) also fall in this borderline group. 

Regarding fish, we asked about entrails or internal or-
gans (Figure 5A), bones (Figure 5B), and skin (Figure 5C). 
Fish skin was considered rather as an edible part. Fish 
bones were also considered to be an edible part of fish de-
pending on the type of fish and the way it is cooked. This re-
sult may be attributed to the fact that many types of small 

fish are eaten whole, as a wide variety of fish is consumed 
in Japan. The same applies for shrimp tails (Figure 5D). 
Therefore, in the Tokyo Method, fish skin and small shrimp 
tails were considered De, while fish bones and large shrimp 
tails were considered Di.

As for potato peels (Figure 5E), 48.5% of respondents 
chose option 6, 6.3% was of the opinion “should eat,” 4.8% 
said “usually eat,” and 10.8% said “could eat if I wanted to,” 
making it the part of the potato that “I could eat if I wanted 
to, but I don’t eat much. The same tendency can be seen for 
the core of cabbage (Figure F), petiole of Japanese white 
radish - daikon (Figure G), petiole of carrot (Figure 5H), and 
the inner part of the end of a banana (mentioned in Section 
3.1). The reason why carrot petiole is more “inedible” than 
the petioles of other root vegetable is probably due to their 
shape and toughness (Figure 5I). The outer leaf of cabbage 
(Figure 6A) was selected by 30.2% of respondents as “6”, 
14.1% as “should eat,” 24.0% as “could eat if I wanted to,” 
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and 12.4% as “I generally eat”, indicating that it they are 
also parts that are perceived as edible but not eaten very 
often. The same tendency is observed for the outer leaves 
of lettuce (Figure 6B) and Chinese cabbage (Figure 6C). 
In general, we can say that the outer leaves of tuberous 
vegetables are perceived as the part of the vegetable that 
can be eaten but not very often in practice. At some super-
markets, these outer leaves are collected on the spot to 
be composted ( Figure 6D). The results conform with our 
categorisation of these items as “De” in the Tokyo Method. 

Daikon (Japanese radish) peels (Figure 6E) and carrot 
peels (Figure 6F) as well as sweet potato peels (Figure 6G), 
share a similar trend with that for shrimp tails (Figure 5D). 
Apparently, this is understood as a part of the food that 

may be eaten depending on the cooking. The pattern of re-
sponses for stubble of komatsuna (leaf vegetable similar 
to spinach), spinach (Figure 6H), stubble of thin green on-
ion (chive) - Figure 6I, all fit into category “De”. In summa-
ry, this confirms the general principle in the Tokyo Method 
where vegetable peels and cores are considered De, with 
the exception of the brown peels of onions and corn cobs, 
which are considered Di.

3.3	Rather avoidable “De” (almost “Avoidable”) 
group

In the Tokyo Method, De is intentionally removed parts 
that could potentially be eaten. For many items in this 

   

                (A)                                 (B)                                (C) 

   

                (D)                                 (E)                                (F) 

   

                (G)                                 (H)                                (I) 

  FIGURE 6: (A) Outer Leaves of Cabbage, (B) Outer Leaves of Lettuce, (C) Outer Leaves of Chinese Cabbage, (D) Collection of Outer Leaves 
at Supermarket, (E) Daikon Peel, (F) Carrot Peel, (G) Peel of Sweet Potato, (H) Spinach Stubble, (I) Chive Stubble.
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                 (A)                                (B)                                (C) 

   

                 (D)                                (E)                              (F) 

   

                (G)                                 (H)                                (I) 
 
FIGURE 7: (A) Food Dropped on Floor, (B) Confectionery Dropped on Floor, (C) Burnt Dish, (D) Fresh Parsley, (E) Cut /Sliced Lemon, (F) 
Tsuma for Sashimi (photo), (G) Tsuma for Sashimi, (H) Bread Crusts, (I) Pizza Crust.

group, it is often difficult to demarcate whether it is De or 
either partly used A (ingredients), B (prepared food) or C 
(unfinished items). 

As accidental food items, dishes (cooked foods) 
dropped on the floor ( Figure 7A) and confectionery dropped 
on the floor (Figure 7B) are considered edible, with just over 
20% saying they could eat them if they tried to, while 13.9% 
said they would eat the item, and 38.7% said “6: none of 
the above”. In other words, in the composition survey, such 
food will be classified as “C” leftovers, and sweets will be 
classified as “B2” both in the avoidable category, but the 
awareness of those who throw them away is De (inten-
tionally not eaten). In Japan, shoes are usually not worn at 
inside the house. Therefore, it is thought that the number 
of people who will pick up and eat what was accidentally 
dropped on the floor at home is larger than that of those 
doing the same in a restaurant (homes with pets may be an 

exception). Accidentally dropped items had a higher value 
for actual consumption compared to normative edibility. 
People do not say they should be eaten, but they do some-
times eat them. For the accidentally burnt dishes (Figure 
7C), 12.2% of the respondents answered “1) should be eat-
en”, 25.6% answered “2) can eat if I want to”, and 22.7% 
answered “6 none of the above (do not eat)”, making them 
slightly more likely to be eaten than the dishes accidentally 
dropped on the floor (Figure 7B), but they are not actively 
eaten. In Tokyo Method, burnt dishes are classified as C 
uneaten or B2 cooked food, as such wastage (accident) 
could be avoided. 

While developing the Tokyo Method, we had a good dis-
cussion on whether garnishes such as fresh parsley (Fig-
ure 7D) or cut /sliced lemon (Figure 7E)) found in waste 
sorting analyses should be classified as A: ingredients, C: 
plate leftovers, or De: intentionally removed. In the ques-
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tionnaire survey there was not much difference between 
the responses of “rather should be eaten” and “I usually eat 
it”, and “6 (do not eat it)”. These foods were designated as 
De in the Tokyo Method.

Tsuma for Sashimi (Figure 7F) is thin slices of daikon 
(Japanese radish) that is mainly served with Sashimi (slic-
es of fish to be eaten raw). Probably “tsuma” in packages 
of Sashimi sold in supermarkets is what Japanese people 
think of when they think of sashimi “tsuma”. Japanese re-
spondents were more conscious of eating tsuma for sashi-
mi (Figure 7G), with 34.6% saying “1) they should eat it”, 
40.4% saying “3) they usually eat it”, and 12.6% saying “6) 
not any of the above” (do not eat it). In the Tokyo Method 
this garnish is assumed generally as “De”, however if it is 
evident that this tsuma was purchased specifically (e.g. a 
package of tsuma only, not as a garnish in a package of 
sashimi) it will be categorised as avoidable (category B). 

Bread crusts were initially classified as possibly avoid-
able in the United Kingdom, and were reclassified as ed-
ible (Avoidable). In our survey, crusts of a slice of bread 
(Figure 7H)) were also recognized as a normally eaten part, 
with 51.9% of respondents saying “1) they should be eaten, 
49.7% saying “3) I usually eat them”, and only 3.3% saying 
“6) none of the above (do not eat them)”. 

From this result, bread crusts could be classified as 
unutilized food (A2p in Tokyo Method), however as in the 
initial stance of WRAP, we considered that bread crust that 
was cut off and discarded is De as it was intentionally re-
moved (but potentially edible). On the other hand, pizza 
crust edge was considered as “C: leftovers”, as in the pre-
liminary workshops almost all participants expressed that 
pizza as a dish is served with the intention that the whole 
including the crusty edge is to be eaten. In the survey, pizza 
crust edge (Figure 7I) showed the same tendency as bread 
crusts, with 49.1% saying “1) should eat it”, 47.4% saying 
“3) I usually eat it,” and 5.4% saying “6 none of the above 
(do not eat)”. Grains of cooked rice left in rice cookers and 
bowls showed exactly the same trend, and these were clas-
sified as “C: leftovers”.

4.	 CONCLUSIONS
Nicholes et al. (2019) re-classified “possibly avoidable” 

items mostly as edible (avoidable), while we decided to 
classify those as unavoidable. This is because we believe 
that when actually considering measures to reduce avoid-
able food waste by half by 2030, the initial priority should 
be to encourage people to reduce readily avoidable food 
waste, for example, eat up fruits that are thrown away as 
whole, use up vegetables and meat that are half used and 
thrown away, avoid wastage of frozen foods and leftovers, 
etc., rather than to encourage people to eat chicken skin 
and potato skin. 

It is possible to consider the “De” classification in the 
“Tokyo Method” as physically edible, and include it in the 
reduction target. However, that will make the message of 
reduction to the general public more complicated and can 
be confusing. It may be counterproductive to request too 
much and raise the hurdle for the less-aware consumers. 
In food waste reduction campaigns, often recipes are dis-

tributed that make use of often uneaten parts, but in most 
cases these are adopted by only those who are already 
aware and rather committed to reducing food waste. Such 
aspects may be part of the reason why some campaigns 
ended up with little impact. At this stage, at least in Japan, 
probably a focused approach on items that are obviously 
intended to be eaten would be more effective.

Although it is known from previous sorting analyses 
that category “De” has a significant percentage in total 
food waste, we cannot expect people to always eat these 
parts. For some dishes, people will need or want to peel 
potatoes, and people will not always want kinpira (a dish 
that could be made from daikon peel) whenever they have 
a daikon dish. For some removed parts, even if they may 
be potentially edible, it may be reasonable enough as an 
environmental behaviour if they were separately disposed 
of and directed to animal feed or composting. 

Telling people to eat parts that they customarily re-
move intentionally is not a priority for food waste reduction 
measures, and this can be set aside as a secondary target 
for those who are already highly aware and committed, and 
for indicating the potential for future initiatives on making 
people aware that some parts that they regularly remove 
may actually be used for certain recipes. 

One of the objectives of the Tokyo Method is to gen-
erate useful information for policymaking and for tackling 
with the reduction of food waste. As our results show, for 
many of the “marginally edible” items, there is a variety on 
actual consumption as well as perceived normative, physi-
cal and conditional edibility, and it is rather difficult to draw 
an accurate line between what should be considered edible 
and inedible. This also differs by geographical regions and 
cultures. It would still be useful when adopting the “Tokyo 
Method” in other regions, to investigate how a specific 
population categorises /comprehend different food items 
/parts. There is still room to improve the survey questions, 
for example which response options to be offered, which 
food items to ask, and how to indicate accurately which 
part of the food is in question - many of the often removed 
parts are difficult to be expressed in words, a visual expres-
sion may help as in the case of enoki mushroom this time. 
In assessing the results of such investigation, probably it is 
more useful to consider what should be included as priority 
targets for reduction of avoidable food waste, rather than 
trying to accurately assess the edibility of food items. 
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ABSTRACT
Wider-scale implementations of bioethanol production from different wastes are not 
happening mainly due to lack of confidence on potential production and net ben-
efit. With the aim of accelerating real-life implementations of more bioenergy pro-
ductions, this paper presents development of a simple mathematical model, which 
can be used to evaluate potential bioethanol production capacity from pineapple 
waste under different input conditions. Based on an earlier experimental study, the 
mathematical model was developed depending on three contributing factors; pH, 
temperature and substrate concentration as considered in the earlier experimental 
study. Results from the developed mathematical formulation were compared with 
the experimental data from the earlier study. It is found that the developed model is 
quite capable to estimate potential bioethanol productions from pineapple waste. 
Model estimated results are having a coefficient of correlation of 0.84 with the mea-
sured data. Standard errors of the model’s estimations are also quite low; RMSE = 
0.49, MAE = 0.39 and RAE = 0.06. To facilitate a wider industrial generation, a basic 
mathematical model framework for economic analysis is proposed involving evalua-
tion of net present values of future yields, as well as costs (initial and maintenance). 
Such mathematical model of economic analysis will help stakeholders on selecting 
optimum input parameters through optimised energy consumption.

1.	 INTRODUCTION
In the process of combating imminent climate change 

impacts energy sector plays a significant role. Due to the 
excessive usage of fossil fuel, the increase of CO2 level in 
the atmosphere causing to global warming (Rudolph et al., 
2015). It is well-established that bioethanol is one of the 
significant alternatives in abating greenhouse gas emis-
sions (Hossain and Fazliny, 2010; Hossain et al., 2010). 
Conversion of waste product, feedstock or lignocellulosic 
residues into biofuel is a crucial choice for global potential 
of bioenergy. Bioethanol was used as a fuel in vehicles, ei-
ther in a neat form or in a mixture with gasoline (Demirbas, 
2007; Rosenfeld et al., 2018). Biofuel is renewable, could 
reduce petroleum imports, improve national energy secu-
rity and reduce the reliance on petroleum from unstable 
areas of the world (Arijana et al., 2018). It has been a grow-
ing interest for many years because of its alternative green 
energy sources, consequently minimizing greenhouse gas 
(GHG) emission and finally help alleviate the rise of fuel 
prices (Rudolph et al., 2015). Any feedstock containing 

sugar can be used to produce ethanol. The main feed-
stock, sugar cane or molasses in Brazil and starch crops 
was used to produce bioethanol (Arijana et al., 2018). How-
ever, in the future, the most promising could be from cel-
lulosic materials. Basically, ethanol can be obtained from 
three main groups of raw materials (feedstock). These are 
sugars like sugar cane, molasses and fruits (pineapple, 
banana and rambutan) (Fazliny et al., 2010, Hadeel et al. 
2011, Imteaz et al. 2022) which can be converted to etha-
nol through fermentation, starches like corn and cassava 
which hydrolysed into fermentable sugar, and cellulose like 
wood and straw which can be converted to sugar by the 
action of mineral acid (Rosillo-Calle and Walter, 2006). 

Bioethanol production can be obtained from renewable 
resource and different kind of sources including house-
hold waste, lignocellulosic biomass, waste crop and fruit 
wastes. Sugar, starch and lignocellulosic components are 
potentially converted into ethanol. These components are 
from biomass resources such as agriculture residues, her-
baceous crops, forestry wastes, wastepaper, food waste, 
fruits wastes and other wastes (Fazliny et al., 2010). The 
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main potential feedstock for bioethanol yield was carbo-
hydrate, which included starch sugar, cellulose and hemi-
cellulose. A major potential feedstock for bioethanol was 
the waste crops (McAlloon et al., 2000). Much research 
has been done on the production of bioethanol from differ-
ent sources including the main source, sugar cane, either 
in form of cane juice which is mostly produced in Brazil 
(Wilkie et al., 2000) or molasses in India (Ghosh and Ghose, 
2003), fruit waste in Malaysia (Hossain, 2017). 

Tiwari et al. (2014) studied the productions of etha-
nol from five different fruits (apple, berry, grapes, papaya 
and sapota) with inoculation of bacteria and reported that 
among the five fruits, rotten sapota (Manilkara Zapota) pro-
duced highest amount (9.4%) of bioethanol after 5th day 
of incubation. Productions of bioethanol including different 
forms of sugars from the peels of mango, papaya, pineap-
ple and banana were studied by Jahid et al. (2018), who 
reported that although simple soaking of the peels in water 
and steaming can result the recovery of free sugars, how-
ever enzymatic hydrolysis using cellulase and xylanase 
enzymes resulted very good yields of different forms of 
sugars. They also reported that among the studied fruits, 
banana and pineapple are the potential ones to produce 
ethanol. Ingale et al. (2014) reported that pre-treated ba-
nana waste can be economically utilized as a cheaper 
substrate for ethanol production. They also reported that 
the maximum ethanol yield was 17.1 g/l after 72 h of in-
cubation period of fermentation. Gosavi et al. (2017) stud-
ied productions of bioethanol from Indian water chestnut, 
sweet potato, jackfruit and pineapple through acid hydrol-
ysis, which yielded fermentable sugar. They have reported 
that among the studied fruits, pineapple waste produced 
highest amount (0.90 mg/ml) of ethanol. Recently, Wan-
dono et al. (2020) reported that pineapple peel waste 
containing carbohydrate and reducing sugar is a good 
feedstock for bioethanol production and one ton of pine-
apple produced 250 kg waste, and 2.5 kg of pineapple peel 
produced 1 liter of bioethanol with 27% content. They also 
reported that 4,125 tons of pineapple peel waste produced 
4,125 kg of bioethanol. 

In fact, potential production of bioethanol from dif-
ferent fruits vary, also for a particular fruit it depends on 
several different factors. Experimental studies on bioeth-
anol productions are based on experiments with varying 
different factors, which were different for different studies. 
As such widespread implementations of such bioethanol 
production is not happening due to the absence any gen-
eralised relationship on potential production. Most of the 
stakeholders are in dilemma regarding individual benefits 
from such bioethanol production, as in some cases such 
production may turn out to be costlier compared to tradi-
tional fuel production. Also, in some cases such production 
indirectly may cause more GHG emissions, if the energy 
used for the conversion of bioethanol is from traditional 
sources. Karmee (2016) presented prospects and limita-
tions of adoption of bioethanol generation and recom-
mended detailed economic analysis of any industrial pro-
duction considering all the factors including difference in 
prices of bioethanol and other fuel, as well as costs of es-
tablishing and maintaining such facility. For such analysis, 

costs of productions need to be optimised so that adoption 
of bioethanol yields a net benefit. 

For an optimisation analysis, a mathematical model 
is a useful and efficient tool, which compares the current 
value of output energy to the costs of production process, 
incorporating major contributing factors as independent 
variables. Such modelling was never attempted for the 
case of bioethanol production from pineapple. Objective 
of this study was to develop a simple data-driven model-
ling framework, which can be applied to perform economic 
analysis of bioethanol production through the optimisation 
of magnitudes of input parameters. To the best of authors 
knowledge, this is a pioneer study on such data-driven 
modelling on bioethanol production from pineapple. 

2.	 MATERIALS AND METHODS 
2.1	Theoratical Background

Fermentation is the traditional process, which is used 
for the production of ethanol, and this is a common prac-
tice to use yeast as chemical precursors in the process of 
fermentation. The chemical equation of conversion of eth-
anol from sugar/glucose is as follows, details of which was 
provided by Maicas (2020):

C6H12O6(glucose)/Fruits ⟶ 2C2H5OH(ethanol) / bioethanol 
fuel + CO2 (carbon dioxide)

Hossain and Fazliny (2010) presented an in-depth ex-
perimental study on bioethanol generation from pineapple 
waste. They have experimented the influence of three sali-
ent factors such as pH, temperature and substrate concen-
trations on the generation of bioethanol from pineapple. 
This study develops a mathematical model for the quantifi-
cation of bioethanol production based on the experimental 
results from Hossain and Fazliny (2010).

2.2	Methodology
Mathematical formulations were developed to express-

es relationship between bioethanol general and each con-
tributing factor studied in the study of Hossain and Fazliny 
(2010). The derived mathematical formulations were then 
integrated into a single equation as outlined shown Equa-
tion 1. Such type of mathematical function is commonly 
used for the predictions of algal/bacterial growth (Imteaz 
and Asaeda, 2000) and was recently successfully applied 
for the prediction of pollutants removal efficiency by Imteaz 
et al. (2021, 2020). Such formulation is based on the con-
cept that there is a maximum level of achievable growth/
removal/production for a certain process or system, which 
is affected and reduced by one or more limiting factor(s). 
Contributions of the factors to the maximum achievable 
magnitude can be amalgamated into the following single 
equation:

						      (1)

Where, PEP is the potential ethanol production as 
weight % of biomass used, f(pH) is the factor for the influ-
ence of pH, f(T) is the factor for the influence of tempera-
ture, f(FP) is the factor for the influence of fermentation pe-
riod and MPC is the maximum potential production. From 

PEP=f(pH)*f(T)*f(SC)*MPP
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the experimental measured data of Hossain and Fazliny 
(2010), the relationships of f(pH), f(T), f(SC) were derived. 
Based on the study of Hossain and Fazliny (2010), the fol-
lowing expressions of f(pH), f(T), f(SC) are proposed: 

					     	 (2)

						      (3)

						      (4)

Where                  ,                  and                  are the maximum 
ethanol productions from individual experiments of varying 
pH, temperature and substrate concentration respectively. 
a1, a2, a3 and b1, b2 are the coefficients. C1, C2, C3 are the inter-
cepts of the best-fit lines, when individual independent vari-
able is zero. ‘pH’ is the pH of the solution, ‘T’ is the temper-
ature in °C and ‘SC’ is the substrate concentration in ‘gm/l’. 

Potential ethanol production values for different com-
binations of independent parameters (pH, temperature and 
substrate concentration) were calculated using Equation 1. 
In the equation, the maximum potential production (MPP) 
was unknown. As such, MPP was calculated through tri-
al assuming different values of MPP, until calculated PEP 
values closely matched with the corresponding measured 
values. 

The following section describes final derived equa-
tion, its estimated values and comparison with the corre-
sponding measured values. Performance of the developed 
model results were assessed with the common statistical 
measures such as Root Mean Squared Error (RMSE), Mean 
Absolute Error (MAE) and Relative Absolute Error (RAE), 
which are defined below. Also, a framework has been pro-
posed for the proper analysis of benefit-cost ratio for such 
project considering time value of the money.

The RMSE of a predicted model with respect to the ob-
served variable is defined with the equation.

						      (5)

Where, Xobs is observed/measured values, Xmodel is mod-
elled values at time i. ‘n’ is the number data. 

The mean absolute error (MAE) is defined as the sum 
of the absolute value of the differences between all the 
measured values and modeled values, divided by the total 
number of predictions as outlined below:

						      (6)

The Relative Absolute Error (RAE) is expressed as a 
ratio of cumulative errors to cumulative actual measured 
values, which is expressed as:

						      (7)

3.	 RESULTS
Experimental results of different bioethanol produc-

tions with varying pH, temperature and substrate concen-
tration were extracted from Hossain and Fazliny (2010), 
which were the basis of current study on model develop-
ment. In the study of Hossain and Fazliny (2010), there 
are nine sets of data with different combinations of input 

variables: pH, temperature and substrate concentration. As 
usual with other similar studies, for the assessment on the 
effect of a selected variable, the other variables were kept 
constant. Detailed derivations of f(pH), f(T) and f(SC) using 
the data from the experimental measurements of Hossain 
and Fazliny (2010) are described in the following section. 

3.1	Derivation of Factors
While assessing the effect of varying pH, the tempera-

ture and substrate concentration were kept at 28°C and 1 
gm/l respectively. Figure 1 shows the measured values of 
bioethanol production in % (v/v) for three different pH val-
ues. Figure 1 also shows the best-fit trendline with the pH 
values and corresponding bioethanol productions. From 
the trendline, the following best-fit equation of 2nd order 
polynomial is derived, which yields a coefficient of determi-
nation value of “1.0”:

EthpH = -0.15*pH2+1.7*pH+2.68		  (8)

Where, EthSh is the ethanol production in % (v/v) for any 
pH value under a temperature of 28°C with a substrate con-
centration of 1 gm/l.

Figure 2 shows the measured values of bioethanol 
production in % (v/v) under varying temperature, when pH 
and substrate concentration were kept as 5.5 and 3 gm/l 

 

 

 

 

FIGURE 1: Effect of pH on bioethanol generation.

FIGURE 2: Effect of temperature on bioethanol generation.
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respectively. Figure 2 also shows the best-fit trendline 
between the temperature and corresponding bioethanol 
production values. The best-fit trendline can be expressed 
with the following 2nd order polynomial, which yields a co-
efficient of determination value of “1.0”:

EthT = -0.3475*T2+20.905*T-305.7		  (9)

Where, EthT is the ethanol production in % (v/v) for any 
temperature (T) under a pH of 5.5 with a substrate concen-
tration of 3 gm/l.

Figure 3 shows the measured values of bioethanol pro-
duction in % (v/v) under varying substrate concentration, 
while pH and temperature were kept as 5.6 and 30°C re-
spectively. Figure 3 also shows the best-fit trendline be-
tween the substrate concentrations and the corresponding 
bioethanol production values. The best-fit trendline can be 
expressed with the following liner equation, which yields a 
coefficient of determination value of “1.0”:

EthSC=0.075*SC+7.735	 			   (10)

Where, EthSC is the ethanol production in % (v/v) for any 
substrate concentration (SC) under a temperature of 30°C 
with a pH of 5.6.

From the nine available measured values, replacing the 
derived functions for EthpH, EthT & EthSC into the Equations 
2, 3 & 4 respectively, the corresponding values of f(pH), f(T) 
and f(SC) were evaluated. Eventually, replacing the calcu-
lated values of f(pH), f(T) and f(SC) into Equation 1, the 
potential bioethanol productions were calculated assum-
ing the value of MPP (Maximum Production Production) 
through trials with the aim of achieving maximum corre-
lation and least RMSE values between the measured and 
modelled values. 	

3.2	Developed Model
MPP value was determined through trial, assuming sev-

eral reasonable values until a close fit between the meas-
ured ethanol productions and calculated productions was 
reached. Table 1 shows the calculated f(pH), f(T) and f(SC) 
values for different combinations of the selected inde-
pendent variables; pH, temperature and substrate concen-
tration. The table also shows the corresponding values of 
the model calculated potential productions, with the best 
‘MPP’ value achieved of 9.0%. 

The usual practice of assessing such model results is 
to plot the model computed results with the experimental 
measured results on a single graph. Figure 4 shows the 
comparison between model calculated results and the 
experimental measured values. It is found that the mod-
el calculated values are having a correlation coefficient of 
0.84 with the measured values. To evaluate the errors of 
the model calculated values the Root Mean Squared Error 
(RMSE), Mean Absolute Error (MAE) and Relative Absolute 
Error (RAE) values were calculated. The MAE, RMSE and 
RAE values evaluated for the model calculated values are 
“0.49”, “0.39” and “0.06” respectively. All these values are 
quite low and can be considered as good achievement.

3.3	Framework for Economic Analysis
It is to be noted that in general the amount of yields 

from such bioethanol generation using fruit waste is not 
great and it is likely to take several years to achieve the 
payback of initial investment cost. Moreover, there will be 
ongoing operating and maintenance costs involved with 
such production. As the monetary benefit of the yields will 
be coming in future years, it is necessary to consider the 
present value of the future potential benefits which will be 
accumulated over the years using the Net Present Value 
(NPV) concept. Also, the future operation and maintenance 
costs need to be converted to net present values. Such eco-

FIGURE 3: Effect of substrate concentration on bioethanol gener-
ation.

Temperature
(oC)

Substrate conc. 
(gm/l) pH f(T) f(SC) f(pH) Estimated

Production (%)

28 48 5.5 0.83 0.96 1.00 7.20

30 48 5.5 1.00 0.96 1.00 8.70

32 48 5.5 0.85 0.96 1.00 7.42

30 24 5.6 1.00 0.95 1.00 8.54

30 72 5.6 1.00 0.96 1.00 8.70

30 96 5.6 1.00 0.98 1.00 8.87

28 48 4.0 0.83 0.95 0.95 6.67

28 48 5.0 0.83 0.95 0.99 7.00

28 48 6.0 0.83 0.95 1.00 7.05

TABLE 1: Calculated factors for different combinations of input variables.
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nomic analysis is crucial for widescale implementations of 
bioethanol generation; without accurate estimations it may 
turn out to be not economically feasible. The total costs of 
the bioethanol generation can be calculated using follow-
ing equation:

						      (11)

Similarly, the accumulative benefits from the yields of 
the bioethanol production can be calculated considering 
variable price of bioethanol using the following equation:

						      (12)

In the above equations, ‘B’ is the total accumulated 
benefit, ‘C’ is the total accumulated cost, r = internal rate 
of return (%/year), n = design life in years, ‘Pk’ is the var-
iable future price of the bioethanol in in a year ‘k’, ‘IC’ is 
the initial investment cost of the system and ‘OMk’ is the 
future annual operational and maintenance cost for a year 
‘k’. These equations should be considered simultaneously 
to evaluate total costs and return for a particular design life 
of the production system. Through comparing total costs 
and benefits the industries would be able to quantify ac-
tual benefits, which will encourage widespread implemen-
tations of such sustainable energy generations. For the 
current study, as no data was available on energy spent in 
the production process, as well as associated costs, the 
complete economic analysis was not performed.

4.	 CONCLUSIONS
With the aim of enhancing biofuel generation from dif-

ferent fruit/vegetable wastes, this paper presented devel-
opment of a simple mathematical model for the estimation 
of potential bioethanol production from pineapple waste. 
The basic model was developed based on three contribut-
ing variables, which were extracted from an earlier exper-
imental study on bioethanol productions from pineapple 
waste under different input conditions; pH, temperature 
and substrate concentration. For each of the studied var-
iables, based on the earlier experimental measurement a 
contributing factor was derived. Then all the derived fac-
tors were multiplied with a maximum production capacity 
value to evaluate the potential bioethanol production. Mod-

el predicted values were compared with the experimental 
measurements and it is found that the model estimations 
are very close to the measured values having a good cor-
relation coefficient of 0.84. Other standard statistical error 
parameters (RMSE, MAE and RAE) were also found to be 
low, revealing the fact on model’s predictive capability. 
Such kind of model would be very useful for stakeholders 
of industrial-scale generation on their decision making 
while selecting appropriate magnitudes of the input varia-
bles related to the bioethanol production. 

Such type of data-driven modelling approach was never 
explored for the generation of bioethanol from pineapple 
waste, although wider-scale implementations of such sus-
tainable generation would help reducing carbon footprint 
through two ways; reducing waste and generating energy 
from sustainable source. From the experimental results it 
is clear that except substrate concentration, for other in-
put variables there are certain optimum stages which yield 
maximum bioethanol productions. It is found that increas-
ing temperature up to 30°C and a slightly acidic (pH<6) en-
vironment causes to maximise the production. Achieving 
such optimum conditions are associated with additional 
cost, which should be minimized to achieve a higher ben-
efit-cost ratio. A framework for economic analysis incor-
porating net present values of the costs and yields is pro-
posed. In the current study a complete economic analysis 
was not possible due to lack of data. It is recommended 
that future studies should incorporate a complete eco-
nomic analysis with further data on cost and production 
amount. 

It is to be mentioned that the proposed model was de-
veloped having three independent variables only, which 
was due to limited availability of the experimental data. 
One can explore to find additional factor(s) affecting the 
bioethanol production and if found the additional factor(s) 
can be easily incorporated in the existing model formula-
tion. Nonetheless, the current model will be the foundation 
being a primitive effort in this data-driven model. More rig-
orous experimental measurements will be required to es-
tablish potential effect of any additional factor(s). Also, the 
proposed individual relationships of mentioned variables 
with the bioethanol generations are based on a single set of 
experiments with only 3 measurements for each variable. 
Validation of such relationships through more experiments 
warrants focus of any future study. Same methodology can 
be employed to develop similar data-driven models for oth-
er fruit/food waste.
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ABSTRACT
Mineral wool products are man-made vitreous fibres (MMVFs), such as glass wool 
and stone wool, mainly used for thermal and acoustic insulation. Demolition of build-
ings generates mineral wool (MW) waste. With regard to the intended recycling of 
materials, the European Union’s circular economy package currently foresees a land-
fill ban for certain waste streams by 2030. As a result, Austria will have a landfill ban 
for MMVFs from 2027. This paper presents an investigated route for the recycling of 
MW waste into new mineral wool (wool2wool). The recycling route aims to conserve 
valuable and limited landfill volume and enables the reduction of primary resource 
consumption and CO2 emissions. The investigation was based on pH-dependent 
leaching tests of the fibres according to ÖNORM EN 14429 and hydrogeochemical 
modelling using LeachXS/Orchestra to identify the solubility-controlling mecha-
nisms. The next step was a thermochemical treatment using correction materials to 
adjust the chemical composition, followed by rapid cooling through a spinning pro-
cess. Another focus was on the theoretical determination of the dynamic viscosity 
to ensure suitable flow behaviour during fibre production. The chemical composition 
of the mineral wool produced was analysed, and it was shown that the target for-
mulation could not be achieved for all elements within the permitted variation. The 
variations were due to the dissolution of the kiln lining, which had a more significant 
influence on the experiment than expected. Overall, the recycling pathway showed a 
high potential for CO2 savings, resource savings and other environmental benefits by 
recycling waste that is currently landfilled.

1.	 INTRODUCTION
The 2030 Agenda for Sustainable Development of the 

United Nations (UN) proclaimed 17 Sustainable Develop-
ment Goals (SDGs) in addition to the Millennium Develop-
ment Goals (MDGs) (United Nations 2015). The recycling 
of mineral wool waste can be expected to contribute to 
the achievement of some of these goals, as waste man-
agement is only indirectly addressed in the SDGs. It should 
also enable the implementation of the Austrian landfill ban 
for mineral wool waste from 2027 (DepVO 2021).

Mineral wool is the generic term for a man-made vitre-
ous fibre made primarily from glass (glass wool), igneous 
rock (stone/rock wool) and slag (slag wool). Mineral wool 
products are used as insulation and in horticulture. Miner-
al wool waste causes waste management problems due to 
its high volume and low density. Currently, most of Austria’s 

mineral wool waste is landfilled and not recycled (Sattler et 
al. 2020a). As it is mandatory to landfill mineral wool waste 
in big bags in separate landfill compartments, this results in 
a 400-fold difference in Young’s modulus between the gener-
al Construction and Demolition (C&D) waste and the mineral 
wool compartments (Sattler et al. 2020b), causing serious 
accidents in the form of overturned vehicles due to sudden 
ground settlement when crossing the landfill and driving on 
the unstable mineral wool body (Huber 2019). The positive 
effect of briquetting mineral wool waste on density and 
strength was shown, where the bulk density of glass wool 
and stone wool was increased up to 100 times. Therefore, 
briquetted mineral wool waste is expected to be more stable 
in landfill than loose mineral wool waste (Sattler et al. 2019).

In line with the waste hierarchy, priority however should 
be given to recycling rather than landfilling. Studies have 
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shown that recycling mineral wool waste (glass wool waste 
and stone wool waste) in the cement industry can de-
crease production costs, saves primary raw materials and 
decreases CO2 emissions in production, and can also save 
valuable landfill space (Sattler et al. 2020c). Another way 
in which mineral wool can be recycled is as supplementary 
cementitious material (SCM) (Doschek- Held et al. 2023), 
(Sattler et al. 2020d). It can also be used to produce alka-
li-activated materials (AAMs) (Yliniemi et al. 2016). AAMs 
are alternative binder systems, activated by alkaline solu-
tions, such as water glass and alkali hydroxides and are 
used to create concrete-like structures (Tuorila et al. 2020), 
(Steindl et al. 2023).

From the point of view of the waste hierarchy, a re-
cycling at the mineral wool plant is preferable. Currently, 
mineral wool manufacturers only take back their own new, 
non-hazardous mineral wool waste for recycling. This is 
because mineral wool fibres may have adverse health ef-
fects in case of low solubility in the human lung (Muhle 
et al. 1998), (Costa & Orriols 2012) which is generally not 
known for old mineral wool fibres in C&D waste. The car-
cinogenity of mineral wool fibres depend on their dimen-
sion, dosis and durability (Barly et al. 2019). A dimension 
with a length of more than 5 µm, a diameter of less than 
3 µm and a length-to-diameter-ratio of 3 or more is con-
sidered as “critical” for lung dieseases according to the 
World Health Organization (WHO), so that such fibres are 
called WHO fibres (IARC 1988). However, even WHO fibres 
can be destroyed in the human lung by so-called clearing 
mechanisms. The dwell time of a fibre in the human lung is 
described by the biopersistance which is affected by me-
chanical clearance mechanisms and biochemical dissolu-
tion (IARC 1988). Therefore, since the 1990s many coun-
tries introduced compulsory biosolubility tests for newly 
produced mineral wool (97/69/EC 1997), (GefStoffV 2010) 
and the industry developed corresponding labels such as 
RAL (RAL 2023) and EUCEB (EUCEB  2023). The EUCEB 
(EUropean CErtification Board for mineral wool products) 
was established in 2000 to increase the confidence of au-
thorities, customers, and consumers in the safety of min-
eral wool. The general purpose of these labels is to provide 
voluntary certification that the manufactured fibres have a 
chemical composition within the ranges of the approved 
reference fibres. In these in-vivo tests, mineral fibres are 
implanted into animals and after 40 days the animals are 
killed and the number of still existing fibres is compared 
with the initial amount. An alternative are in-vitro-tests in 
which the lung environment is modelled by experimental 
solutions. In this case the pH values of the extracelular en-
vironment (7.4) and within the macrophages (4.5) must be 
investigated (Oberdörster 1991). For stone wool, a mineral 
wool subgroup, the biosolubility increase was reached by 
a higher alumina content (Guldberg et al. 2000) but it has 
to be considered that the dissolution rates of the fibres are 
also influenced by the binder of the stone wool (Wohlleben 
et al. 2017). The relation between the Al content and the 
biosolubility is highly complex. For Al/(Al+Si) ratios below 
0.1, which is typical for glass wool, the dissolution rate at 
pH 7.4 decreases with increasing Al content, whereas it 
increases with increasing Al content above ratios of 0.2 

which are typical for stone wool (Guldberg et al. 2000). It 
has to be mentioned that the observed trend is only valid 
for pH 7.4 which is typical for the pleural fluid. In the mac-
rophages at pH 4.5 also low-Al stone wool dissolves well 
which has to be considered in an overall health assess-
ment. In consequence, for stone wool, “new” products 
with Al2O3 concentrations of 19 to 22 wt% and SiO2-con-
centrations of 37 to 43 wt% compared to “old” products 
with Al2O3 concentrations of around 14 wt% and SiO2 con-
centrations of about 46 wt% were produced. However, due 
to the landfill ban, demolition and waste management face 
a severe challenge and request manufacturers to recycle 
all mineral wool waste. For this purpose, it is necessary to 
investigate how old, hazardous mineral wool waste can be 
spun into new mineral wool. The adverse health effects 
of hazardous mineral wool are thought to be determined 
by certain fibre characteristics such as fibre length, fibre 
diameter and also in vivo durability and persistence (IARC 
1988). In vivo tests (Eastes et al. 2000) and in vitro tests 
(Guldberg et al. 2001) found that an increasing aluminium 
content and decreasing silicon content increased the dis-
solution/degradation rate at an acidic pH in stone wool, 
which is preferable from a health point of view. However, 
beside the aspect of health, the chemical composition ef-
fects the properties of the melt. The implementation of the 
aforementioned EUCEB certificate led to an increase in the 
aluminium oxide content of stone wool products. This cir-
cumstance is essential for the chemical modification in a 
wool-to-wool recycling concept and influences the thermal 
behaviour of the melt, e.g. the dynamic viscosity, during 
the fibre production process. 

This study aimed to investigate the recycling of low al-
uminium mineral wool in order to obtain new mineral wool 
with a higher aluminium content. The results of this work 
show that it is possible to recycle mineral wool waste by 
conditioning it with other correction materials.

2.	 MATERIALS AND METHODS
2.1	Sampling

In order to obtain a representative sample material of 
mineral wool waste, a staggered sampling was conduct-
ed at an Austrian landfill. The waste material was collect-
ed from each truck over the course of a month, and then 
placed in hermetically sealed bags. 13 stone wool waste 
samples were taken.

Seven mineral wool product samples were purchased 
from Austrian construction markets.

2.2	XRF analyses
The chemical composition of the mineral wool waste 

and mineral wool product samples, as well as the new 
mineral wool spun in this study, was determined by XRF. 
The fiber samples were milled and analysed for loss on 
ignition at 1025°C before producing melt-fused tablets. 
Subsequently, the chemical composition was determined 
using X-ray fluorescence spectroscopy (XRF) by a Panalyt-
ical XRF instrument (Axios PW2400) from CRB GmbH at a 
voltage of 60 kV.
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2.3	Chemical composition and solubility of stone 
wool

Three stone wool samples (SW_1, SW_2 and SW_3) 
were selected from the 20 available (13 waste samples, 
7 products) for further experiments based on their chem-
ical composition. pH-dependent leaching tests based on 
ÖNORM EN 14429 were conducted to study the solubili-
ty of the samples (Bauer  2021). The shredded samples 
weighing 25 g were suspended in 1 L of ultrapure water 
and shaken for 48 hours using an overhead shaker at 
6 rpm. To achieve the desired pH level, a predetermined 
amount of acid or base, determined in separate pre-tests, 
was added before the experiments. After completion of the 
experiments, the solutions were separated from the solids 
through filtration at 0.45 µm. In contrast to the study of 
Guldberg et al. (2000) who determined dissolution rates, 
i.e. kinetic constants, in this approach a thermodynamic 
equilibrium between solid and aqueous solutions should 
be achieved. Prior to the leaching tests, samples were com-
minuted using an Eirich mixer to maximum fibre lengths of 
1 to 1.5 cm. In deviation to the standard, a liquid/solid (L/S) 
ratio of 15 instead of 10 was chosen to prevent complete 
absorption of the liquid by the solid, which had been ob-
served for L/S = 10. The leachate was analysed after the 
experiment for pH, filtrated at 0.45 µm and analysed for 
cations using inductively coupled plasma mass spectrom-
etry (ICP-MS, Agilent 7500 CE) and for anions using ion 
chromatography (IC, Thermo Fisher Scientific ICS 2000). 
The leachable concentrations at all pH values were used 
as input for hydrogeochemical modelling which was done 
using LeachXS/Orchestra and the Minteqv4 database. The 
program uses the maximum leachable concentrations as 
“available” concentrations and predicts the precipitation of 
solid phases from this hypothetical solution as well as the 
sorption of dissolved species to sorbents such as hydrous 
ferric oxides (HFO). The modelling strategy was based on 
the inclusion of all phases possibly precipitating from the 
solution. If the model yielded lower concentrations than in 
equilbrium with these phases, the corresponding phases 
were excluded from the model. This procedure was applied 
iteratively until modelled and analysed leached concentra-
tions matched each other. Since carbonate was not deter-
mined in the leachates due to the rapid interaction with the 
atmosphere, the available carbonate concentrations were 
fitted to the measured Ca concentrations since calcite 
saturation is suggested to be a leaching controlling mech-
anism. The corresponding values were 20,000 mg/kg dry 
matter (DM) for the Al-rich samples and 500 mg/kg DM for 
the Al-poor sample.

2.4	Wool2wool – Mineral wool recycling
The stone wool sample with the lowest aluminium con-

tent, i.e. 1.65 wt%, was selected as the conditioned sample 
due to its presumed low solubility. This value is far below 
the “old” stone wool composition given in the literature and 
rather suggests a high solubility (Guldberg et al. 2000). 
The target formulation in the experiment was the chemical 
composition of a new, non-hazardous mineral wool. The 
Urbain model was used to ensure comparability with the 

dynamic viscosity published by Peternelj et al. (2017). The 
dynamic viscosity was calculated for the chemical compo-
sition of the melt of the newly spun mineral wool and the 
target composition range using the EUCEB deviation crite-
ria.

2.4.1	Chemical composition and dynamic viscosity

In order to achieve the target composition (Table 3), the 
appropriate amount of addition of waste and correction 
materials to be added to the stone wool was calculated, 
using a Microsoft Excel Solver Add‑In; these correction 
materials were dolomite slurry and corundum dust, while 
SiO2 and MgO were added as pure materials (Table 1). The 
chemical composition of the stone wool, dolomite slurry 
and corundum dust are shown in Figure 1.

To calculate dynamic viscosity, an aluminium oxide con-
tent of stone wool ranging from 14 to 18 wt% (Yliniemi et 
al. 2021) was anticipated. Peternelj et al. (2017) published 
a dynamic viscosity 1.88 Pa*s at 1400°C for his spinning 
wheel tests using a stone wool sample with an aluminium 
oxide content of about 17 wt%. The dynamic viscosity was 
calculated using the Urbain model which considers cations 
such as glass formers, modifiers and amphoteric cations 
(Urbain 1987).

2.4.2	Mechanical processing

The first step was to prepare the mineral wool using a 
forced action mixer to reduce particle size and homoge-
nise the material with the other residual and pure materials 
(correction materials), followed by wet pelletising. Prior to 
the thermochemical treatment, the pellets were dried, pre-
heated at 120°C and separated in 2 batches of 18 kg each.

component weight [g]

stone wool (SW_3) 17,500.0

dolomite slurry 7,001.6

corundum dust 7,001.1

SiO2 (pure) 2,455.0

MgO (pure) 1,049.0

TABLE 1: Amount of stone wool and residual correction materials.

FIGURE 1: Chemical composition of stone wool and waste correc-
tion waste materials.
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2.4.3	Thermochemical conditioning
A top blown rotary converter (TBRC) furnace was load-

ed with the preheated pellets. The material was then heat-
ed to a maximum temperature of 1500°C in the furnace. As 
the melting point of the pellets was exceeded, a melt was 
formed. When the target temperature was reached, the fur-
nace was tilted and the melt stream was poured over a steel 
nose onto a 2-wheel spinner. At the spinner, the melt was 
defibred by compressed air and spun into conditioned, new 
mineral wool (Figure 2). The melting process of both batch-
es was monitored and documented using a thermal imag-
ing camera, a high-speed camera and several pyrometers.

3.	 RESULTS AND DISCUSSION
3.1	Chemical Composition of stone wool products 
and stone wool waste

The chemical composition of the stone wool products 
is shown in Figure 3 and the composition of the analysed 
stone wool waste is presented in Figure 4. Stone wool prod-
ucts tend to be richer in SiO2, Al2O3, Na2O and MgO, whereas 
values for CaO, K2O and Fe2O3 tend to be slightly higher in 
stone wool waste. The variation in stone wool waste is ex-
plained by two factors. Firstly, the chemistry of old mineral 
wool waste has changed compared to new mineral wool 
waste after the EUCEB label for new mineral wool products 

FIGURE 3: Chemical composition of the stone wool products (n=7).

FIGURE 2: Overview of thermochemical conditioning and spinning process.
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was achieved. This explains in particular the variation in 
Al2O3 content. Secondly, some impurities are introduced 
into the waste as a result of contamination during the dem-
olition of buildings. Typical impurities in stone wool waste 
are gypsum adhesions, iron filings and aluminium facings. 
The presence of these materials results in increased levels 
of CaO and Fe2O3.

The full list of chemical analyses can be found as sup-
plementary content alongside the electronic version of this 
article.

3.2	Solubility of Stone Wool
The chemical composition of the investigated samples 

within the solubility tests (Table 2) shows that one sample 
(SW_3) is significantly depleted in Al compared to the oth-
er two samples. The Al/(Al+Si) ratio of this sample is 0.03 
compared to 0.23 and 0.26, respectively. According to the 
data of Guldberg et al. (2000), the Al-poor sample should 
have an increased biosolubility compared to the Al-rich 
samples, whereas even higher Al/(Al+Si) ratios of around 
0.4 would also yield a high biosolubility.

The pH-dependent leachability of Si and the correspond-
ing hydrogeochemical models of the investigated samples 
is displayed in Figure 5, modified after Bauer (2021).

Si can be considered as a proxy for stone wool disso-
lution as it is the network former of the glass structure. At 
first, the solubility at pH 4.5, the environment inside the 
macrophages, shall be compared. In this range, 150 mg/L 
Si are leached from sample SW_1, 18 mg/L from sample 
SW_2 and less than 1 mg/L from sample SW_3. In contrast 
to the results for the dissolution rates of Guldberg et al 
(2000), these equilibrium tests show the lowest leaching 
of Si for the lowest Al concentration and lowest Al/Si ratio. 
The sample with the highest Al concentration and highest 

Al/Si ratio plots, however, does not show the highest, but 
intermediate leaching. At pH 7.5, the environment outside 
the macrophages in the lung fluid, 30 mg/L Si are leached 
from sample SW_1, 6 mg/L from sample SW_2 and only 0.5 
mg/L from sample SW_3. This means, that the order be-
tween the samples remains the same, but the overall leach-
ing of Si is lower at neutral pH than in the acidic range. 
The overall pH-dependent trend of Si leaching shows an 
amphoteric behavior with lowest leaching in the neutral 
pH range and increasing leachability towards both acidic 
and alkaline pH. However, the low-leaching Al-rich sample 
SW_3 has the leaching maximum in the alkaline pH range - 
with similar values as the two other samples, whereas the 
higher-leaching samples have a leaching maximum in the 
acidic pH range. The main difference between the Al‑rich 

SW_1
[wt%]

SW_2
[wt%]

SW_3 
[wt%]

Na2O 2.85 2.24 3.87

MgO 9.24 12.80 6.68

Al2O3 11.83 15.11 1.65

SiO2 39.68 41.96 54.94

P2O5 0.28 0.09 0.05

SO3 0.49 0.07 0.29

K2O 1.83 0.14 0.32

CaO 20.71 18.86 18.31

TiO2 1.42 1.70 0.31

Cr2O3 0.11 0.04 0.03

MnO 0.62 0.19 0.05

Fe2O3 6.19 7.30 8.93

TABLE 2: Chemical composition of the stone wool samples cho-
sen for solubility tests.

FIGURE 4: Chemical composition of the stone wool waste (n=13).
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sample and the other two samples is the suppression of 
Si leaching in the acidic to neutral pH range. It has to be 
considered that the experimental approach in this study 
is a simplification of the actual conditions in the human 
lung, not considering organic species present and not ac-
counting for kinetic effects or phagocytosis. However, this 
simplification allows to identify the effect of inorganic pro-
cesses such as dissolution and precipitation of primary 
and secondary phases, respectively. In contrast, in the Al-
rich sample, the entire available Si concentration, i.e. more 

than 100 mg/L, is leached at acidic pH and any leaching 
control mechanism is absent. It can be suggested that the 
presence of Al in the leachate yields to the formation of 
dissolved Al-Si species increasing the solubility of Al-rich 
stone wool and preventing precipitation of secondary min-
eral phases. In contrast, in the alkaline pH range, leaching 
control mechanisms are present. For the Al-rich samples, 
the precipitation of wairakite, Ca(H2O)2[Al2Si4O12], is sug-
gested to control the leaching. For the Al-poor sample, the 
precipitation of talc, Mg3[(OH)2|Si4O10], yields similar leach-

FIGURE 5: Hydrogeochemical models regarding the pH-dependent leachability of silicon for SW_1, SW_2 and SW_3 (modified after Bauer 
(2021)).
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able concentrations of <10 mg/L Si at pH 10. Anyway, this 
pH range is not relevant to assess the health risks associ-
ate with stone wool waste.

Based on the chemical analyses and the solubility stud-
ies, the sample SW_3 was selected as a potentially hazard-
ous material to demonstrate that such kind of wastes can 
be recycled into non‑hazardous, highly soluble new stone 
wool. The composition of sample SW_2 was defined as 
a target composition which would be non-hazardous and 
could be sold under current legislation. This was done, be-
cause the even more soluble sample SW_1 was a waste 
sample, whereas the chosen SW_2 was indeed a “new” 
stone wool product with EUCEB certificate. The aim of the 
subsequent thermochemical treatment test was therefore 
to adjust the composition of SW_3 to the composition of 
SW_2 by adding Al‑rich residues.

3.3	Recycling test
The XRF analysis of the newly spun mineral wool (Fig-

ure 6) showed that the target formulation within the permit-
ted range of variation of the EUCEB quality label was not 
achieved for all elements (Table 3). The Al2O3 content after 
spinning was 2.73 wt% higher in batch 1 and 4.23 wt% high-
er in batch 2 than calculated using the composition and 
mixing ratio of the input materials. There were also devia-
tions in the magnesium oxide and iron oxide contents. This 
can be explained by the fact that the refractory lining has 
dissolved and mixed with the melt. It was observed that all 
components detachable from refractory lining were raised 
in both batches of newly spun mineral wool.

3.4	Dynamic Viscosity
The determination of dynamic viscosity over a tempera-

ture range of 1000°C to 1700°C was effectively determined 
using the Urbain model (1987), with the chemical compo-
sitions serving as the controlling factor. Importantly, both 

batch 1 and batch 2 met the specified EUCEB deviation 
criteria for the desired target composition. Consequently, 
both batches are well within the specified dynamic viscos-
ity thresholds. It should be emphasized that there is a high 
degree of consistency between the results of the two test 
batches, indicating a good reproducibility and methodolog-
ical reliability. This consistency is evident in Figure 7, which 
shows not only the internal agreement but also the agree-
ment with the dynamic viscosity results published by Peter-
nelj et al. 2017. These agreements support the validity of 
the Urbain model and enhance its applicability in predicting 
the dynamic viscosity trends for similar compositions and 
conditions.

4.	 CONCLUSIONS
The feasibility of recycling post-consumer mineral 

wool waste of unknown origin and potential hazardous 
properties into safe, new mineral wool products is demon-
strated by the recycling route (wool2wool) investigated. 
Post-consumer mineral wool waste from C&D activities is 
often lacking labels indicating health safety and is there-
fore considered hazardous. In-vitro and especially in-vivo 
tests for (bio)solubility are not feasible for mineral wool 
waste due to temporal and financial efforts. The relation-
ship between chemistry and solubility generally allows to 
predict the health impact of mineral wool. However, min-
eral wool manufacturers and quality associations do often 
not disclose the chemical composition of their products 
and the outcome of (bio)solubility tests, excluding a scien-
tific assessment of the complex relations between chem-
istry and solubility. pH-dependent leaching tests revealed 
that low-Al fibres (1.65 wt% Al2O3) are characterized by a 
low solubility in the biologically relevant acidic to neutral 
pH range (<1 mg/L Si), whereas high-Al fibres (11.83 wt% 
and 15.11 wt% Al2O3) exhibit more than one order of mag-
nitude higher solubility (>10 mg/L Si). Hydrogeochemical 
modelling suggested reasons for the different leaching 
of Si from the three stone wool samples. Leaching is the 
property of a chemical element to be released from a sol-FIGURE 6: Newly spun mineral wool.

initial 
composition

[wt%]

batch 1
[wt%]

batch 2 
[wt%]

target 
composition

[wt%]

Na2O 3.87 2.1 2.2 1.72

MgO 6.68 12.5 12.5 9.77

Al2O3 1.65 18.6 20.1 15.87

SiO2 54.94 43.4 42.8 41.09

P2O5 0.05 0.1 0.0 0.36

SO3 0.29 <0.025 <0.025 0.33

K2O 0.31 0.2 0.2 1.29

CaO 18.31 16.9 16.3 15.65

TiO2 0.31 0.2 0.2 1.34

Cr 0.0 0.07 0.07 0.0

MnO 0.05 0.1 0.0 0.45

FeO 8.04 5.22 5.04 3.69

TABLE 3: Composition of the newly spun mineral wool (batch 1 
and batch 2) compared to target composition.
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id to the liquid. Leaching is associated with solubility in 
thermodynamic equilibrium, if precipitation/dissolution 
reactions control the leaching. Solubility is the property of 
a solid phase to dissolve in an aqueous solution. Both the 
dissolution of a solid phase in an undersaturated solution 
and the precipitation of this phase from a supersatured 
solution yield the same equilibrium concentration of the 
dissolved species in the leachate. In both cases, the aque-
ous solution is saturated with respect to the coexisting 
solid phase. According to our model, in the Al-rich sam-
ple SW_3 the low leaching of Si in the acidic to neutral pH 
can be explained by the low solubility of quartz. Consid-
ering that quartz is not present in the mineral wool, which 
is amorphous, the model assumption is that the glassy 
phase dissolves, releasing Si species into solution. Then 
this solution gets supersaturated with respect to second-
ary mineral phases which may precipitate at the surface 
or in the free solution volume. Alternatively, and addition-
ally, surface adsorption processes may take place which 
are also considered in the model. However, it seems un-
likely that quartz precipitates from aqueous solutions at 
room temperature, but also the slightly higher solubility of 
amorphous silica would be a reasonable leaching control 
mechanism. In this context, leaching control mechanism 
means that the detected Si concentration in solution is the 
equilibrium concentration coexisting with amorphous sili-
ca. Assuming such a situation, it may still be the case, that 
the overall fibre dissolution continues, if the solubility of 
the glassy phase is above that of amorphous silica, but the 
excess Si released into the solution, would be precipitated 
as amorphous silica. 

Hydrogeochemical modelling suggests that low sol-
ubility is due to the presence of amorphous pure silica, 
whereas the formation of dissolved alumino-silicate spe-
cies fosters the dissolution of high-Al mineral wool fibres. 
Therefore, mixing Al-poor and therefore potentially hazard-
ous mineral wool waste with Al-rich corundum dust and 

additional correction materials, and remelting the mixture 
to produce Al‑richer mineral wool products is a feasible 
strategy to cope with the challenge of mineral wool waste 
management. In order to calculate the required mixing ra-
tio, the dissolution of refractory material in the melt must 
also be considered. Further research is required to develop 
appropriate refractory concepts and to predict the disso-
lution of refractories in silicate melts obtained from mul-
ti-waste mixtures. In summary, thermochemical treatment 
of mineral wastes allows to destroy hazardous properties 
such as biopersistance or fibre geometry.

Since, unlike landfilling, thermo-chemical treatment can 
destroy the hazardous character, it should be further inves-
tigated for the recycling of other hazardous wastes such 
as asbestos.
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ABSTRACT
The increase in carbon emissions is a growing concern for the sustainability in our 
society, particularly as energy consumption rises, leading to annual CO2 releases 
into the environment. The construction sector, responsible for utilizing a significant 
portion of the Earth’s yearly extracted raw materials, significantly contributes to this 
issue. After the life cycle of a structure, this one is often transformed or demolished 
for new developments, generating large amounts of construction debris. Most con-
crete debris is further processed to create recycled aggregates, which are commonly 
used for road construction or as filling material. Nonetheless, efforts are underway 
to promote material circularity by reusing these aggregates back into concrete, re-
ducing concrete downcycling and disposal in landfills. Hamburg’s “Musterbude” proj-
ect in 2022 stands as an example of material circularity, showcasing the sustainable 
use of recycled aggregates in concrete. Seven concrete mixes were formulated; two 
conforming to German recycled concrete standards with 45% and 35% recycled ag-
gregate replacement. Others, including the so-called “Hamburger Mische,” departed 
from these standards, incorporating varied recycled materials like crushed bricks 
and 100% mixed C&DW aggregates. The findings provided valuable insights for poli-
cymakers, engineers, and researchers, fostering a transition towards a more circular 
economy in the construction sector while minimizing environmental impact.

1.	 INTRODUCTION
In recent years, the interest in the utilization of recycled 

concrete within civil engineering projects has increased 
with the shift in industry focus driven by mounting con-
cerns over global warming and the carbon footprint asso-
ciated with construction activities. However, existing DIN 
standards have imposed strict regulations on the use of 
recycled aggregates for concrete production. Factors such 
as aggregate proportions, granulation sizes, exposure are-
as, and physical properties of recycled concrete are among 
the key characteristics subject to meticulous standardiza-
tion and oversight by construction authorities.

1.1	State of the Art
Currently in Germany, two types of recycled concrete 

are permitted, namely Type I with a 45% volume of recy-
cled aggregates, and Type II with a 35% volume of recy-
cled aggregates, primarily intended for interior exposure. 
However, the allowable proportions of recycled aggregates 
decrease significantly for exterior exposure applications. 
Additionally, according to the standards outlined in DIN 

4226-100 (Deutsche Institut für Normung, 2002) particles 
smaller than 2 mm generated during concrete demolition 
cannot be reused as recycled material, leading to substan-
tial construction waste. Consequently, a significant portion 
of recycled concrete is currently used for road construction 
and filling materials, which can be classified as material 
downcycling.

To address the limitations in the country surrounding 
the production and use of recycled concrete, a sample 
booth called the “Musterbude” was developed in the city of 
Hamburg. The Musterbude is a small concrete cabin built 
to showcase different concrete mixes using recycled con-
crete. This cabin not only demonstrates recycled concrete 
recipes adhering to existing standards but also explores 
concrete structures incorporating varying proportions of 
recycled aggregates outside the standard. 

1.2	Objectives 
By developing recycled concrete that matches the 

performance of traditional concrete, the project aims to 
reduce carbon emissions during production, promote ma-
terial circularity, and drive innovation in the construction 
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sector. By raising awareness among policymakers and the 
community, the showcase project aims to encourage col-
laboration and demonstrate the potential of using higher 
levels of recycled aggregates in different exposure catego-
ries. This initiative not only actively promotes circularity in 
construction, but also plays a key role in waste reduction 
by significantly reducing the amount of construction waste 
sent to landfills nationwide.

2.	 CHALLENGES AND LIMITATIONS
This section evaluates the prevailing challenges as-

sociated with acquiring, processing, and establishing the 
competitiveness of recycled materials in the construction 
industry, as the demand for sustainable alternatives con-
tinues to rise.

2.1	Demolition Preparation and Planning for Future 
Use

The limitations of recycled concrete extend beyond its 
usage and encompass the surrounding processes of ac-
quisition, storage, transportation, and distribution. Insights 
gathered from demolition work in Hamburg revealed that 
successful concrete recycling requires careful prepara-
tion. Emphasizing the prioritization of on-site demolition, 
crushing, storage, and utilization of recycled concrete min-
imizes the need for transportation (Purchase, et al., 2021). 
However, this approach may not always be feasible in con-
struction projects, needing additional collaborative efforts 
from various stakeholders to process the aggregates and 
provide temporary storage. Furthermore, it was observed 
that having a clear plan for the future utilization of crushed 
concrete before demolition work starts is advantageous to 
avoid potential delays and penalties (European Commis-
sion, 2018).

2.2	Recycled Concrete Price
Price challenges are a real barrier to the widespread 

adoption of recycled concrete in construction projects. 
Some of these challenges include obtaining the appropri-
ate type of recycled concrete, which can be more expen-
sive than extracting the raw material due to the process in-
volved in demolition and C&D waste classification, such as 
metal extraction, ensuring concrete quality standards, and 
impurity content such as bituminous material. Once the 
material is collected from the demolition site, it must be 
transported to a recycling facility to be crushed and stored. 
This additional step adds cost to the recycled concrete, es-
pecially since the supply has not yet reached the level of 
the raw material (Holcim, 2023), and the recycled aggre-
gate must be stored until enough production is reached 
and then can be sold and shipped to the new construction 
site. Therefore, the higher price of recycled concrete to-
gether with the potential delays in obtaining the material 
near future projects to decrease transportation emissions 
may discourage some stakeholders from completing the 
transition or seeking the recycled concrete route when it 
comes to concrete production. This reduces the motivation 
to adopt a circular economy in construction and the wider 
adoption of recycled concrete in the industry.

2.3	Production
During the demolition of concrete structures, the con-

crete scrap is separated from external materials such as 
steel and plastic to be further crushed and sieved into 
grain-size categories. Currently, only grain size larger than 
2 mm and up to 16 mm is accepted to be reused in con-
crete based on industry standards for alkaline salt resist-
ance (Memminger-Rieve, 2021), any rubble smaller than 
2 mm becomes construction waste. After the separation 
of concrete, the granulated material is subjected to quality 
control tests in accordance with the DIN 12620 standard 
(Deutsche Institut für Normung, 2008). These tests eval-
uate various parameters, including conductivity, pH levels, 
and the presence of PAH (Polycyclic Aromatic Hydrocar-
bons), which are considered problematic due to long-term 
health effects after exposure (Abdel-Shafy & Mansour, 
2016). While asphalt and gypsum may not be ideal, they 
are still accepted as recycled materials in certain cases, 
with a maximum allowable content of 1% (Jaawani, Franco, 
De Luca, Coppola, & Bonati, 2021).

3.	 MATERIAL AND METHODOLOGY 
A total of eight specific recipes were formulated to 

construct the Musterbude, consisting of seven mixes that 
incorporated varying proportions of recycled aggregates 
as a replacement for conventional aggregates, and one 
mix that served as a reference using solely virgin aggre-
gates for comparison purposes. The primary objective 
was to implement an environmentally sustainable ap-
proach in construction by developing recycled concrete 
that performs as conventional concrete, thereby minimiz-
ing carbon emissions during production and promoting 
material circularity.

In Figure 1, an aerial picture of the Musterbude is 
shown. From the building image, the simple design of the 
structure as well as the properly marked section with its 
corresponding concrete mixture can be seen. Additionally, 
two panels on each side of the Musterbude were construct-
ed to further showcase the use and performance of recy-
cled aggregate in concrete.

3.1	Concrete Recipes 
This section describes the eight concrete mixes used 

in the Musterbude. In general, the concrete mixes are as 
follows: one reference mix using raw aggregates, two (2) 
Type I RC mixes adhering to German standards and utiliz-
ing size 2-16 mm aggregates, one (1) Type II RC mix follow-
ing German standards with size 2-16 mm aggregates, and 
four (4) additional mixes incorporating varying proportions 
of recycled aggregates placed out of the current standards 
for recycled concrete mixtures.

3.1.1	Reference Concrete (RB- Reference Beton in German)
The reference concrete was developed with the specific 

intention of serving as a benchmark, not only for assessing 
the physical properties of the concrete but also for evalu-
ating appearance-related aspects such as surface rough-
ness, porosity, microorganism growth, and other visual 
characteristics.
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3.1.2	Type I Recycled Concrete 2-16 mm 45% (R1 and R8)
The R1 mixture, which was prepared following the 

guidelines for Type I recycled concrete as per DIN EN 206 
and DIN 1045-2, was used in an exterior wall of the Mus-
terbude. On the other hand, the R8 mixture, also following 
Type I recycled concrete specifications, was applied to an 
interior wall of the Musterbude.

3.1.3	Type II Recycled Concrete 2-16 mm 35% (R5)
This mix was prepared following the standard for Type 

II recycled concrete, utilizing coarse granulated aggregates 
with a size larger than 2 mm. The maximum allowable pro-
portion of recycled aggregates used in this mix was 35% of 
the total volume of aggregates. 

3.1.4	Fine and Coarse Recycled Concrete (R4 Not in the 
standard)

This particular mix was formulated outside the current 
standards for recycled concrete due to its composition, 
which includes 17% of fine aggregates ranging from 0-2 
mm in size and 28% of 2-16 mm aggregates. The exist-
ing German standard does not currently permit the use of 
aggregate sizes smaller than 2 mm. However, in the up-
coming update of the standards, the inclusion of particles 
smaller than 2 mm will be allowed.

3.1.5	Recycled Concrete using Bricks (R3 Not in the stand-
ard)

This mix was specifically formulated with a 60% by vol-
ume of crushed bricks as a replacement for traditional ag-

gregate. Currently, no standards addressing the utilization 
of brick with such a high content as an aggregate substi-
tute exist.

3.1.6	Recycled Concrete using 100% Mixed C&D Waste as 
Recycled Aggregates (R6 and R7 Not in the standard)

The unique “Hamburger Mische” mix was specifically 
designed with the complete replacement of aggregates 
(0-2 mm and 2-16 mm) using mixed demolition rubble, 
which includes clinker, brick, sand-lime brick, unbound 
natural stone grains, and concrete. This mixture does not 
conform to any standard for recycled concrete. However, 
it does meet the requirements of DIN 4226-101 (Deutsche 
Institut für Normung, 2017) concerning the types and reg-
ulated dangerous substances in recycled aggregate for 
concrete.

In Figure 2, the material composition of each concrete 
mix compared to the reference concrete is shown in a bar 
chart. In this chart, a clearer visualization of material us-
age and proportions by volume can be seen in compari-
son to the reference concrete. The percentage of recycled 
aggregate used in each mix is also shown including brick, 
processed recycled aggregate, or mixed construction and 
demolition waste depending on the mix design.

4.	 RESULTS 
The result of the hardened concrete test is shown in 

Table 1. In this table, the laboratory results obtained from 
the density and compressive strength test done on each 
concrete mix can be seen.

FIGURE 1: Musterbude.
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From Table 1, R6 corresponding to the “Hamburger 
Mishe” concrete has the lowest density and compressive 
strength values. This is due to the porous nature of the 
construction rubble used as the aggregate substitution in 
the mix. The high porosity in the R6 concrete mix increas-
es the w/c ratio, which leads to an overall reduction in the 
concrete performance. Similarly, R4 shows a significant 
decrease in strength due to the replacement of sand. This 
increases the water content, thus, reducing the concrete 
performance.

5.	 DISCUSSION
Concrete mixes R1 and R8, both exhibited a notable in-

crease of approximately 29.2% in total water content com-
pared to the reference concrete mix. Moreover, there was a 
reduction in compressive strength, with the R1 mixture ex-

periencing a decrease of 29.8% and the R8 mixture show-
ing a decrease of 21.7% in compressive strength when 
compared to the reference concrete mix. In the case of R5, 
this specific mixture, which was applied to an exterior wall 
of the Musterbude, demonstrated a significant increase of 
35% in total water content and a notable decrease of 32.7% 
in compressive strength when compared to the reference 
concrete. All of the previously mentioned concrete mix de-
signs were according to the DIN 4226-100 (Deutsche Insti-
tut für Normung, 2002).

Regarding the non-standarized concrete mixes used 
in this project, the mix R4, applied in an exterior wall of 
the Musterbude, exhibited a 34.2% increase in total water 
content and a substantial 45.75% reduction in compres-
sive strength when compared to the reference concrete. 
Moreover, the mix R3, using 60% of brick as the aggregate 

FIGURE 2: Composition of the tested concrete types by volume.

Concrete Mix Density
kg/m3

Compressive Strength
kg/m2 Description

RB 2335 48,3 Reference Concrete

R1 2200 33,9 Typ1- 2/16 45%

R3 2130 35,6 Brick-2/16 60%

R4 2140 26,2 Type1- 0/2 18% 2/16 27%

R5 2220 32,5 Type2- 2/16 35%

R6 1980 20,8 HH Mische 100% Mix demolition 
waste

R8 2230 37,8 Type1- 2/16 45%

TABLE 1: Hardened concrete tests at 28 days.
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replacement had an outcome of a 37.9% increase in to-
tal water content and a 26.3% reduction in compressive 
strength when compared to the reference concrete. De-
spite the absence of current standards, this mix was suc-
cessfully employed in an exterior wall, providing valuable 
insights for potential future guidelines regarding the use of 
high-brick-content mixes in construction practices. Finally, 
the Hambuger Mische, which consists of a 100% mix of 
construction and demolition waste as aggregate substi-
tution, was applied in the construction of the floor, side 
panels, and part of the ceiling of the Musterbude, this mix 
displayed intriguing characteristics. It showed a significant 
48.8% increase in total water content and a 56.9% reduc-
tion in compressive strength when compared to the refer-
ence concrete. Despite not adhering to recycled concrete 
standards, its compliance with DIN 4226-101 (Deutsche 
Institut für Normung, 2017) offers the assurance of safe 
usage with recycled materials, providing valuable insights 
for future sustainable construction practices.

It is important to emphasize for the purpose of this in-
vestigation that the aggregates used in this project were 
not prewashed or treated in any way before mixing to pre-
vent excess water absorption, nor the use of chemical ad-
mixture to improve concrete performance. Because of this, 
the water absorption of recycled aggregates is significantly 
higher than using virgin aggregate due to the high porosity 
in the recycled concrete as aggregates.

Since the concrete mixes were created as a proof of 
concept for the use of different proportions of recycled ag-
gregate in concrete, the concrete mixes can be replicated 
and improved outside the German context.

6.	 CONCLUSIONS
From the results obtained in this research, it can be 

concluded that a proportion of aggregates in concrete can 
be successfully replaced with recycled concrete. However, 
a series of steps have to take place before the addition of 
this recycled material in concrete. For example, elemental 
analysis of the recycled aggregate, especially for heavy 
metal content, and aggregate pre-washed are essential for 
good concrete performance.

The successful use of recycled concrete relies on de-
fined and specific concrete property specifications, includ-
ing exposure category, moisture class, and minimum com-
pressive strength, among others. Additionally, ensuring a 
continuous flow of recycled concrete as aggregate in the 
market necessitates early planning for material reuse, in-
volving all relevant stakeholders and concrete production 
facilities and building a strong standarized supply chain 
to drive the prices down and increase the demand of this 
materials.

To fully attain circularity in construction materials after 
demolition and to prevent the downcycling of concrete in 
civil engineering projects, further research and investiga-
tions are imperative, particularly focusing on increasing the 
proportion of recycled aggregate in concrete.
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ABSTRACT
Landfill Mining (LFM) aims to recover resources by partially or completely excavating 
waste stored in landfills. Research on Enhanced Landfill Mining (ELFM)  has been 
advanced to include the combined valuation of waste as both materials and energy 
carriers. In this article we present an overview of the literature on the global develop-
ment of landfill mining based on domestic waste. Here we analyze the existing infor-
mation on the chronological and geographic distribution in countries that publish in 
the area, and to describe the dynamics of the conceptual and scientific knowledge. 
The analyzed articles were retrieved from Scopus, using the “Landfill* Mining” search 
term. The LFM research on co-occurrence network (1990-2022) found 29 terms in 
the first decade, increasing to 52 terms in the second decade and, finally, 234 terms 
in the third decade, indicating the importance of the LFM research field in present 
days. Four prominent aspects of LFM research can be observed: a. LFM provides an 
efficient contribution to waste management strategy, b. the objectives of LFM are 
similar to those of Circular Economy, c. LFM uses advanced techniques for identify-
ing metals and chemical elements; and d. there is a need for ecological and ecotox-
icological assessment, and determination of microorganisms and microplastics in 
the mined material.

1.	 INTRODUCTION
Landfill Mining (LFM) is a more sustainable waste 

management practice which aims to mitigate impacts re-
lated to landfills while recovering inactive resources (Lan-
er et al., 2019). In the case of dumps, which cause greater 
concern due to environmental pollution, LFM practice is 
also relevant for revitalizing degraded areas (Sabour et al., 
2020).

This practice was first carried out in Israel in 1953 as 
a way to obtain fertilizers for orchards (Krook et al., 2012). 
However, it was only revisited in the 1990s, with the aim of 
extracting methane and eliminating contaminants from the 
soil and water, without excavating the stored waste; only 
later landfill mining was developed to recover resources by 
partial or total excavation of waste (Jones et al., 2013).

LFM involves the excavation, processing, treatment 
and/or recycling of deposited materials, providing material 
and energy recovery, as well as land reclamation (Frände-
gård et al., 2013; Marella and Raga, 2014). However, mining 
can unearth fractions of hazardous waste and cause slope 
instability, due to excavation, and also generate large vol-
umes of materials with low commercial value (partially and 

completely decomposed organic matter, corroded metals, 
contaminated soils) (Chandana et al., 2021).

In order to include operating landfills and emphasize 
the recovery of waste, a more advanced concept was pro-
posed: the Enhanced Landfill Mining (ELFM), characterized 
by the combined valuation of different flows of waste, both 
as materials (waste-to material, WtM) and as carriers of en-
ergy (waste-to-energy, WtE), in addition to land reclamation 
(for residential and industrial uses) and extending landfill 
life (Einhäupl et al., 2019; Esguerra et al., 2021). The prac-
tice is carried out aiming at the maximum recovery, for ex-
ample, the non-recyclable fraction needs to be stored again 
in such a way that future mining is possible (Bosmans et 
al., 2013).

ELFM has operational steps similar to LFM; enhance-
ment consists of the use of innovative technologies (such 
as gasification, pyrolysis and plasma incineration) for en-
ergy recovery, aiming to reduce the final volume of waste 
to almost zero and including the recovery of historical and 
future waste, considering the ecological, social and eco-
nomic criteria. It also involves actions regarding the miti-
gation of CO2 emissions, health and safety of workers and 
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neighbors, quality of separation fractions, location, cost of 
labor, equipment and market value (Burlakovs et al., 2017; 
Chandana et al., 2021; Danthurebandara et al., 2015; Van 
Passel et al., 2013).

The improvement proposed by ELFM is a consequence 
of the increasing environmental problems, and is not de-
pending on the use of any specific technique or equipment. 
Thus in this paper both terms will be used interchangeable, 
and the acronym LFM will be used for both.

Calderón Márquez et al. (2019) cataloged, based on the 
relation between the proposed objectives and compliance 
with the Sustainable Development Goals, about one hun-
dred projects carried out in North America, Europe, Asia 
and the Middle East; the authors concluded that LFM fits 
into the current transition that countries all over the globe 
are making towards the Circular Economy.

Despite being relatively recent, some literature review 
has already been published on the field of Landfill Mining. 
Krook et al. (2012) performed a meta-analysis with 39 pa-
pers published between 1988–2008, with the aim of iden-
tifying the main challenges for LFM implementation. The 
authors concluded that there are three main challenges 
in this field of research: a. technological innovation, b. ad-
dressing the underlying conditions for its achievement, and 
c. developing standardized frameworks for evaluating the 
performance of material recovery. 

Additionally, Krook & Baas (2013) reviewed papers pub-
lished in a special volume of the Journal of Cleaner Produc-
tion, on urban mining and landfill mining, in order to explore 
the feasibility of such waste management approaches 
and also identify which social changes and which search 
fields are essential for its dissemination. The authors com-
pared the environmental impact of two mining techniques, 
namely, biogas recovery (in-situ mining) and landfill waste 
recycling (ex-situ mining). They concluded that ex-situ 
mining are significantly more positive, as the recycling of 
mined materials avoids the extraction of raw materials and 
decreases primary emissions during the manufacture of 
products.

In a more recent review article, Vollprecht et al. (2021) 
analyzed the entire research output of NEW-MINE (Europe-
an Union Training Network for Resource Recovery Through 
Enhanced Landfill Mining) with regard to its practical ap-
plicability in waste management systems. These authors 
found that the amount of resources recovered from land-
fills can be significant, if the use of the inert fraction and 
fuels become viable technological routes. They also point 
out that the quality and credibility of anthropogenic re-
sources obtained from waste in landfills represent signif-
icant challenges for future ELFM projects. 

Jain et al. (2023) published a review focused on the 
difficulties related to the extraction, analysis and use of 
excavated materials from 34 landfills (reported in 27 ar-
ticles) and observed issues related to: a. convergence re-
garding the parameters that must be determined, which 
are defined according to the intended use of the material; 
and b. the application of the ore can be obstructed due to 
the high concentration of contaminants (fine solids, heavy 
metals and chlorine).Despite the relevance of the cited re-
views, the LFM research field has advanced since the years 

2012/2013 and is already present in several countries, in 
addition to those belonging to the European Union, which 
are in the article by Vollprecht et al. (2021). Thus, the aim 
of this work is to present an overview of the literature on 
the global development of domestic waste landfill mining. 
Here, we present information about the chronological and 
geographic distribution in countries that publish in the area 
and describe the conceptual structure underlying it. We 
also investigate the chronological development of publica-
tions and the main research institutions that take the lead 
in the research about LFM.

1.1	List of acronyms
DLM: Dynamic landfill management
DST: Decision Support Tool
ELFM: Enhanced Landfill Mining
FDEM: Frequency-domain electromagnetic
FTIR: Fourier Transform Infrared Spectroscopy
GCMS: Gas Chromatography Mass Spectrometry
IWWG: International Waste Working Group
KEG: Kalman Ensemble Generator
LBR: Aerobic Leach Bed Reactors
LCA : Life Cycle Analysis
LFM: Landfill Mining
MCA: Multi-criteria Analysis
NPV: Net Present Value
RDF: Refuse Derived Fuel 
REE: Eletronic waste 
SRF: Solid Recovered Fuel
WtE: waste-to-energy
WtL: waste-to-land
WtM: waste-to material
WtP: Waste-to-Product

2.	 METHODS
The analyzed articles here were retrieved on January 

5, 2023 from the Scopus database, with the search equa-
tion “Landfill* Mining”; this term was required to appear in 
the abstract, title and/or keywords of the paper. An initial 
refinement was carried out, in which only article-type doc-
uments, published in Journal-type sources, published until 
2022, remained in the database. In subsequent refinement, 
we removed articles which were: a. review or opinion arti-
cles; b. documents which do not present all the elements 
of a scientific article (authors, abstract, keywords); c. ar-
ticles with content outside the specific theme; d. articles 
that deal with waste outside the scope of this research. 
With the resulting articles, using the function “Export”, the 
following information was collected: Citation information, 
Bibliographic information, Abstract and keywords, Financ-
ing details, Other information.

3.	 RESULTS AND DISCUSSION
The initial search on the Scopus database found 334 

documents; after the first and second refinements, this 
number was reduced to 237 and 190 articles, respectively. 
A list of these articles can be found in the Supplementary 
material. 
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3.1	General status
The selected articles were published between 1990 

and 2022, with an annual publication growth rate equal to 
9.64% and an average of 5.97 articles per year. Figure 1 pre-
sents the world’s annual scientific production in the Landfill 
Mining research field. It can be observed that in the first 
two decades (between 1990-1999 and 2000-2009) publica-
tion was incipient, with less than one article published per 
year. From 2013 on, a sharp growth line can be observed, 
with an annual growth rate of 27.8%, and an average of 
13.8 articles published each year.

Dhar (2015) stated that the promulgation, in the USA, 
of stricter environmental legislation propelled the interest 
in LFM; in the early 1990s, landfills were closed and then 
post-closure costs increased. The author also reports that 
in Europe and Asia, legislation aimed at the remediation of 
old landfills and the removal of those that hinder urban de-
velopment.

The year of 2013 marks a change in the curve slope in 
Figure 1 and coincides with the start of the operation of 
the first comprehensive Enhanced Landfill Mining (ELFM) 
project by the Machiels Group, Belgium (Danthurebandara 
et al., 2013).

The 190 articles in the field of LFM have been published 
in 63 different journals. By Bradfort’s law, the essential 
sources (source core) for understanding the state-of-the-
art of LFM are the first two journals with the highest pub-
lication, namely, Waste Management (total = 38 articles) 
and Detritus (total = 22 articles). The first journal, launched 
in 1989, renovated and managed by IWWG (International 
Waste Working Group) since 2002, is dedicated to the pres-
entation and discussion of information on solid waste, in 
term of reserch, management, education, and economic 
and environmental assessment. 

The second journal publishes work from scientific 
sources not limited to research laboratories but includes 
results from full-scale plants, best practices, operation-

al activities, discussions in working groups and asso-
ciations, unsuccessful experiences, case studies from 
developing countries, administration, etc. Probably for 
that reason, it has published on LFM a greater number of 
articles in the last five years than the journal Waste Man-
agement, which published only 12 articles in the same 
time frame.

The lack of a more flexible type of journal for LFM pub-
lication has been identified as an obstacle since 2012. Kro-
ok et al. (2012) suggested that, due to the immaturity of 
the research field, a significant amount of valuable practi-
cal knowledge would be available in the gray literature and 
in organizations that practice landfill mining, and that the 
creation of the journal Detritus would possibly allow the 
publication of this type of material.

Detritus and Waste Management are both official jour-
nals of IWWG and intend to promote integrated and sus-
tainable waste management, practical scientific develop-
ment in the field and effective communication within of the 
professional community (Cossu, 2018). Figure 2 presents 
the 20 institutions that most publish in the Landfill Min-
ing area. It is important to note that from the 14 countries 
mentioned in Figure 2, only 6 of them (Brazil, China, India, 
Russia, Singapore and United Kingdom) are not part of the 
European Union, however, the United Kingdom was part of 
it until the beginning of 2020.

Among developing countries, the most expressive ones 
in the field of LFM are China and India. China began to pub-
lish in this field in 2006, but remained stagnant until 2013, 
when the “Thought of Ecological Civilization” (Xiang-Chao, 
2018) gained force.

The Twelfth Chinese National Five-Year Plan for Munic-
ipal Solid Waste Treatment and Management suggested a 
budget of 21.1 billion Chinese Yuan ($ 3.5 billion) for the 
ecological remediation of 1,882 old landfills in China from 
2011 to 2015 (Zhou et al., 2015). In turn, India only started 
publishing in 2018, but with a remarkable performance and Figure 1. Worldwide Annual Scientific Production
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is already on the top compared to other countries in num-
ber of articles.

3.2	Conceptual Framework 
Figure 3 shows the distribution of co-occurrence terms 

over three decades of LFM research,between 1990 and 
202. The terms were selected from theabstracts and titles 
of the papers. For each decades the terms were grouped 
according to clusters, reflecting the technical and scientific 
interests in the given period. 

In the first decade (1990-1999)29 terms were grouped 
into three clusters. LFM Products, both beneficial ones 
(such as soil, aggregates, fine fraction) and others more 
linked to emissions and potencial contaminantions (such 
as leachate, gas production, methane, heavy metals, envi-
ronmental analysis).

LFM space optimization, as a strategy for landfill op-
eration, which includes varied terms (feasibility, landfill 
space, organic material, recycling, economic assessment, 
mining operation) reflectings the benefit deriving from LFM 
in terms of material and space recovery. Landfill mass con-
ditioning, which includes terms related to improving and 
speeding waste stabilisation (aerobic landfill, airflow tech-
nology, composting, degradation, moisture).

In decade 2000-2009 the six following clusters (out 
of 52 terms) were determined: Mined waste components 
(black soil, fine fraction, glass, nitrogen and phosphorus). 
LFM management and strategies (reduction and recycling 
strategies, market, business studies and government regu-
lation) suggesting the use of waste as material or energy. 
Characterization of mined waste, including dumps, proba-
bly with a focus on the application in fuel, humus and re-

covery of soil and metals. It is also noteworthy the high 
occurrence of the term Urban waste to reinforce the rel-
evance of LFM for this type of waste. The other clusters 
are composed of terms with low occurrence, because 
they were, at the time, emerging techniques: Energy use 
of mined waste; Landfill geophysical characterization and 
Plastics recovery.

The extended decade 2010-2022 includes 234 terms 
grouped in eight clusters. It is noteworthy that the number 
of terms quadrupled in relation to the previous decade indi-
cating the increased relevance of the LFM field.

Hull, Krogmann and Strom (2005) identified the reasons 
for the high prevalence of research on recovery of landfills 
through LFM in Central Europe, which coincides with the 
terms mentioned above: a. availability of special cleanup 
funds for contaminated sites; b. being a cheaper or more 
publicly accepted remediation option; c. clearing sites for 
housing establishment, especially in densely populated 
and gentrified areas; d. fuel supply for the cement indus-
try; e. reusing available landfill infrastructure which simpli-
fies the licensing process.Some terms that have recently 
emerged show the maturation of the technique, as several 
issues related to the technical feasibility are analyzed: e.g. 
ELFM, LCA, Landfill taxes, Stakeholders.

Cluster 1 (45 terms) refers to the Physicochemical 
characterization of mined residues (Arsenic, Cadmium, 
Carbon, Cobalt, Copper, Nitrogen, Organic material, Phos-
phorus) and the treatment given to these residues (Aer-
obic landfill, Aerobic leach bed reactors -LBR, Anaerobic 
Treatment, Biodegradation, Dry Mechanical process) in or-
der to use this resource (Composting, Offsite application, 
Reuse, Soil).

Figure 2. Number of articles published by the main research institutions
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In this cluster appear the terms WtE (from waste to en-
ergy), WtL (waste-to-land, from waste to land space), and 
WtM (from waste to material) which consolidate the pur-
pose of the LFM: to take advantage of the waste already 
landfilled in the energy, to production, to increase the useful 
time of the landfill or to make the area available for other 
purposes and material recovery to reinsert it directly into 
the production chain. There are also terms that deal with 
economic viability, such as the use of fine fractions from 
landfills, which would contribute to increased revenues and 
reduced expenses, given the ower need for backfilling (Par-
rodi et al., 2018).

Cluster 2 (44 terms) deals with the Benefits and im-
pacts of LFM. There are terms that portray the various 
aspects that must be observed, such as a. economic 
(Economic Assessment, Market operational, Upcycling, 
Profitability, NPV - Net `Present Value); b. Environmental 
(Environmental analysis, Impact assessment, LCA, Glob-
al Warming, CH4); c. social (Public acceptance); d. landfill 
costs (Aftercare control, Airspace use, Land reclamation, 
Land space, Material flow, Re-landfilling); e. possible uses 
(Aggregate, Cement industry, Coal, Fossil, Energy, Gas pro-
duction, Plasma).

Gaitanarou, Tentes and Katselis (2014) argue that the 
market is not suitable for effective LFM for three reasons: 
a. there is no economically sustainable demand for recy-
cled materials; b. there is a lack of technical advances for 
full exploration; c. There is evidence that landfilling waste 
can contribute to CO2 sequestration. Therefore, Bhatnagar 
et al. (2017) state that LFM projects will become more prof-
itable and necessary when the global demand for metals 
and the costs of their extraction grow, considering that pri-
mary sources of high-quality ores decrease.

 NPV of a LFM project is inversely proportional to the 
waste treatment and disposal costs, re-landfilling taxes 

and gate fees for external WtE treatment; on other hand is 
directly proportional to the avoided costs for landfill man-
agement and aftercare (Laner et al., 2019).

Cluster 3 (36 items) refers to Landfill operation, its com-
position, management, location, collection rate and closure 
(Public park, Recreational area, Remediation) and how LFM 
can promote environmental benefits (Resource recovery, 
Renewable energy, Revenue) when considered a public pol-
icy (Government regulation) and a sustainable secondary 
source of raw material asmetals (Secondary copper, Zinc), 
trough techniques for extracting and processing excavat-
ed material (Stationary Separation Plant).. In this cluster, 
the term WtP summarizes the new perspective of LFM: 
excavated waste as raw material for industrialization in 
the form of new products. According to the WtP concept, 
waste treatment by-products are used to manufacture val-
uable co-products, that is, scalable (Bosmans et al., 2013).  

It is important to note that, although the focus of this 
article is urban waste landfills, when it comes to met-
al recovery, the analyzed articles include in their studies 
two relevant terms: industrial landfill and REE (electronic 
waste) Despite the great theoretical benefit of LFM Bur-
lakovs et al. (2018) found in the case of 2 REE landfills 
located in Sweden and Estonia that only a small fraction 
of elements can be exploited using existing technologies, 
therefore the potential can be referred to as a reserve for 
the future.

Cluster 4 (35 terms)deals with Decision-making with 
multiple criteria (Decision Maker,MCA - Multi-criteria anal-
ysis, DST - Decision support tool). These criteria are: a. 
environmental (Environmental footprint, Upcycling, Soil 
pollution), b. social (Stakeholders, Post consumer), c. op-
erational (DLM- Dynamic landfill management, Mechanical 
sorting, Waste management) and d. economic (Circular 
economy, Secondary fuel). In this cluster, the term ELFM 
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appears for the first time, and already has a high occur-
rence. ELFM is an evolution of the term LFM whose ob-
jective is to fully determine the value of the various waste 
cases (Danthurebandara et al., 2015). Research with nano-
materials (Solgel) also becomes popular. The geophysical 
characterization, also present in the previous decade, con-
tinues to be relevant in this decade.

Cluster 5 (29 items) deals with and analyzes more 
deeply the Chemical characteristics (Chemical Composi-
tion, FTIR - Fourier Transform Infrared Spectroscopy, Ther-
mogravimetry) aiming at the Energetic use of the mined 
residues (WtE) either in the form of thermal energy (Ash, 
Biochar, Lignina content), electricality (H2, Syngas) or fuel 
(Biomass, Fuel RDF - Refuse Derived Fuel, Oil) through bi-
ological, thermal and thermochemical processes (airflow 
technology, gasification, thermal treatment, thermochem-
ical process, torrefaction). 

The most common challenges when using the fuel frac-
tion as RDF are the high ash content, the presence of chlo-
rine and low energy value. However, we can use this frac-
tion by implementing pre-cleaning techniques like sorting, 
cleaning and drying (Jain, Kumar and Kumar, 2023).

The term Plastic is the one with the highest occurrence 
and the highest number of connections with other clusters; 
it is linked to the terms Fine Fraction, SRF-Solid Recovered 
Fuel, Gasification, Calorific Power, Power Generation, and 
Pyrolysis, which points out to the various technological 
routes for applying the material. Another point to be re-
searched is the amount of lignin in landfills that function 
as bioreactors.

Cappucci et al. (2020) highlighted that the scenario 
of recovering mined plastic is environmentally preferable 
because it prevents the extraction of a non-renewable re-
source (crude oil) and emissions from its refining process.

Cluster 6 (19 terms), presents very recent issues (main-
ly published between 2021 and 2022), namely: determina-
tion of microorganisms and microplastics present in mined 
material, ecological and ecotoxicological evaluation, appli-
cation of enzymes to stabilize the material and use of Gas 
Chromatography Mass Spectrometry (GCMS) for chemical 
characterization. These terms point to possible paths for 
Emerging and new concern issues.

Orupold et al. (2022) found a low toxicity of the fine 
fraction of the mined to bacteria, marine rotifer and mi-
crocrustaceans, and also a slight inhibitory effect on seed 
germination. On the other hand, Singh and Chandel (2022) 
concluded that the fine fraction cannot be used directly in 
agriculture, and that the most promising alternatives are 
soil enrichment for the growth of biomass or renewable 
energy crops.

Microplastics are a chemical contaminant that can be 
present in the fine fraction, and they can prevent, in the 
long term, water infiltration into the soil; therefore, further 
research is needed to develop adequate and economical 
treatments for the fine fraction (Singh and Chandel, 2021).

Cluster 7 ( 15 items) refers to an increasingly relevant 
theme: Metal identification and recovery. This is a very re-
cent area of research, with studies published in 2022, which 
employ advanced techniques for identification (FDEM - Fre-
quency-domain electromagnetic and KEG - Kalman Ensem-

ble Generator) and separation of metallic materials (Mag-
netic sorting, Physical sorting).

Cluster 8 (11 terms) presents a new technological route 
for the Use of waste: in civil construction (Building materi-
al, Burnt clay brick, Green construction), which uses both 
more advanced techniques for the separation of fractions 
of the mined material (Ballistic separation, used to recov-
er calorific and fuel fractions) and the most common ones 
(Manual screening, possibly targeting the coarsest frac-
tions of demolition waste). 

In relation to fine fractions, another factor must be 
considered in terms of economics: the costs of additional 
cleaning or treatment processes to recover critical metals 
and fuels; research on these techniques is in broad devel-
opment (Esguerra et al., 2021). For the best use of this frac-
tion, it is suggested to determine: chemical and mineralog-
ical composition, location, size and volume of the landfill, 
type of landfilled waste, operational procedures, degree of 
degradation of landfilled waste, markets for recovered ma-
terials and environmental and health risks (Parrodi et al., 
2018).

Figure 4 summarizes all the 238 key terms in LFM re-
search. Thirteen terms were mostly cited in the three dec-
ades of LFM research,3 of which are very relevant. The pro-
duction of stabilised organic matter (“Compost”) was the 
first case of LFM product that still today remains relevant, 
particulary in developing countries, where generally selec-
tive collection is not common and, consequently, a large 
amount of organic matter is sent to landfills.

 The second important term is Environmental Analysis, 
since there is still no validated method for environmental 
assessment, although there is recent research employing 
the LCA. Additionally, there is a trend towards the increase 
of related terms, such as Biological Assessment, Ecolog-
ical Assessment and Ecotoxicological Assessment. The 
third term is Fine Fraction, which corresponds to 40 to 80% 
by weight of the total waste excavated (Parrodi et al., 2018) 
and therefore can be decisive in determining the viability 
of Mining.

Some recent terms in the field of LFM, published 
around the 2020s, were: Torrefaction, Physical-chemical 
characteristics, Landfill age and Thermochemical process-
es. These terms may indicate the direction to which the re-
search points: to know the mined material in greater detail, 
in order to identify its potential use and investigate the ap-
plicability of Technologies for energy production with the 
material.

In order to choose the best technological route, the age 
of the landfill, and consequently the degree of inertization 
of the excavated material, must be considered. Thus, the 
characterization of the deposited material (composition 
and/or physical-chemical characteristics) continues to be 
an important topic within landfill mining research (Krook et 
al., 2012).

Economic evaluation is also a very recurrent term. The 
literature points out that, in most cases, resource extrac-
tion through landfill mining cannot yet be carried out solely 
for commercial reasons, but it is only an economic option 
if there are subsidies or other types of support (Van Pas-
sel et al., 2013). On the other hand, standardization of eco-
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nomic assessment is difficult, because the economic per-
formance of landfill mining is restricted to highly specific 
projects carried out in different regions and under varying 
conditions and objectives (Laner et al., 2019).

The most recent terms, published in the years 2021 and 
2022,that are noteworthy are: Standard limits and Regula-
tory body. Both keywords suggest the need for the public 
power to play a leading role in implementing the LFM. Es-
guerra et al. (2021) suggest two ways to improve the eco-
nomic performance when using RDF and Fine Fraction: a. 
replacing taxes with tax incentives for the production of 
renewable energy and b. imposition of a quality standard 
dependent on the leachability of the pollutant and not the 
total concentration.

4.	 CONCLUSIONS
Based on information extracted from the Scopus da-

tabase, we can observe the evolution of the research in 
Sanitary Landfill Mining. In the first decade of publication 
(1990-1999), the terms were centered on in-situ mining, 
whith the following technological aspects: a. with aerobic 
treatment aiming at obtaining compost; b. biogas capture 
(with or without reuse) and leachate treatment; and c. in-
creased airspace. In the second decade (2000-2009) there 

was still a predominance of in-situ mining, as the most 
used terms in the articles related with energy use, compost 
production and remediation of dumps.

Over the years, four new aspects of research have 
been introduced and gained prominence in the last dec-
ade (2010-2022). The first aspect is the understanding that 
Mining is an efficient strategy for the complete manage-
ment of waste, and that its implementation will positively 
influence the goals of reducing and recycling waste. In the 
second decade, LFM also started beeing seen as a busi-
ness opportunity, subject to public regulation. In the third 
decade, LFM viability has been understood in the context 
of public policy.

The second aspect is the recognition that similarity 
between LFM’s objectives with to those of the Circular 
Economysuch that, there is a prominence of terms related 
to ex-situ mining, in which the resource is mined in order 
to be used as energy, land, material or product. Thus LFM 
evolved into ELFM. In this context, the most promising 
techniques for operating a landfill (which will be mined in 
the future) and for treating the mined resources are BLF 
(Bioreactor Landfill) and Pyrolysis, respectively. Research 
on the application and cleaning/treatment techniques of 
the fine fraction is in full development.

Figure 4. Complete network of co-occurrence of terms in the years 1990-2022

FIGURE 4: Complete network of co-occurrence of terms in the years 1990-2022.
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The research of the Fine Fractions of the mined waste 
took place throughout the publication period and is still a 
field to be explored, since it is related to different routes of 
exploitation (plastic, fuel, RDF, energy). Therefore, its char-
acterization is relevant even in cases of mining in landfills. 
Furthermore, the determination of heavy metals, mainly in 
fine fractions and in landfills, is also a relevant point of re-
search, due to the risk of contamination and possible envi-
ronmental restrictions.

The evolution of the LFM pratice can also be observed 
in relation to characterization techniques. In the first dec-
ade, characterization consisted of quantifying the common 
by-products of landfills; in the following decade there was 
a technological development, with the chemical and geo-
physical characterization. In the last decade, in order to re-
cover metals or combustible materials, FPXRF analysis has 
also been used. This suggests a trend in this research field: 
the validation and standardization ofsampling and tests.

 The third aspect is the use of advanced techniques for 
identifying metals (FDEM, KEG) and chemical elements 
(FTIR, GCMS, Thermogravimetry). The fourth aspect is in 
the field of ecological and ecotoxicological evaluation, with 
determination of microorganisms and microplastics pres-
ent in the mined waste.
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ABSTRACT
Chemical recycling of polyvinyl chloride containing plastic waste to recover critical 
metals is a promising way to solve two important problems (polyvinyl chloride dis-
posal and critical metal recovery) in waste management and is being transferred on 
a larger scale in the “CHM-Technology” project. Various polyvinyl chloride contain-
ing plastic wastes were pyrolyzed to generate a hydrogen chloride rich vapor. This 
hydrogen chloride rich vapor is used in a second step to chlorinate indium in liquid 
crystal displays. Indium chloride has a lower boiling point than indium-tin-oxide and 
evaporates. This is cooled down and generates a metal concentrate together with 
the decomposed volatile materials from liquid crystal displays. The chlorine content 
in the polyvinyl chloride containing plastic waste residues is reduced. The products 
solid, oil, hydrochloric acid and gas can be used for new products. For metal purifi-
cation the metal concentrate is mixed with water, filtrated, distilled and an electroly-
sis is carried out to recover metallic indium. Nine waste containing PVC were used 
with significant differences: when more hydrochloric acid and less volatile organic 
fraction was produced, more indium was transferred to the metal concentrate. The 
best recovery of indium (78% purity after electrolysis) was 39 wt-% from LCD panels 
containing 83 mg In/kg.

1.	 INTRODUCTION
Plastics are one of the greatest inventions of the 20th 

century. Plastic products are used in many fields such 
as packaging, building and construction, agriculture, and 
many other applications, due to their light weight, moulda-
bility, long life and low price (Geyer, Jambeck & Law, 2017). 
Plastic production has continuously increased in the last 
decade. The annual production exceeded 330 million met-
ric tons (Mt) from 2016 to 2020. Polyvinyl chloride (PVC) 
accounted for 9.6% of all plastics in 2020, ranking in third 
place. There are different methods to dispose plastic 
waste (Geyer et al., 2017; Geyer, 2020). First, incineration 
decreases the volume of waste, and the resulting energy 
can be used for heating or generating electricity. However, 
incineration of plastic waste emits excessive CO2 and may 
release some hazardous substances, such as polychlo-
rinated biphenyls, dioxins, furans, and persistent organic 
pollutants (POPs) (Shibamoto et al., 2007). Further prob-
lems with the incineration of wastes with PVC are depos-
its on heat transfer tubes and the presents of Cl-species 
like potassium chloride, sodium chloride, hydrochloric acid 

and chlorine, which results in corrosion (Ma et al., 2020, 
Miliute-Plepiene et al., 2021, Lu et al., 2023). The cost for 
PVC-containing plastic waste is 275 €/t in Germany (Hof-
mann, 2021). Second, plastic waste can be dumped in 
sanitary landfills, which is a convenient and cost-effective, 
but landfill space is limited in many countries and an inad-
equate landfill can cause serious environmental pollution 
(Hopewell et al., 2009; Teuten et al., 2009; Wang, Ko, Liu & 
Xu, 2021). In some countries, such as Germany or Austria, 
the landfilling of Total Organic Carbon (TOC)-containing 
waste is prohibited (Bundesministerium der Justiz und für 
Verbraucherschutz, 2009). Third, mechanical recycling is 
suitable for various types of plastic waste (Braun, 2002). 
End-of-life PVC degradation causes release of chlorinat-
ed products into the surrounding environment (Maringer 
et al., 2017). Mechanisms of degradation during recycling 
include thermo-oxidation, crosslinking, functionalization of 
chains and hydrodechlorination (Awaja & Pavel, 2005; Sa-
dat-Shojai & Bakhshandeh, 2011). PVC is unstable to both 
thermal and photoinduced stress. PVC waste streams 
must be pure and highly stabilized against unwanted deg-
radation to enable useful mechanical recycling (Schyns & 
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Shaver, 2021). A fourth method called “chemical recycling” 
summarized the development of alternative techniques for 
plastics recycling like pyrolysis, gasification and liquefac-
tion (Quicker et al., 2022; Scheirs & Kaminsky, 2006). For 
PVC-containing plastic waste gasification and pyrolysis are 
mainly in the focus of research. For example, the compa-
ny Ecoloop in Goslar (Germany) produces synthesis gas 
from PVC-containing plastic waste, but the chlorine (Cl) 
is absorbed with calcium oxide, where calcium chlorine 
is generated (VinylPlus, 2015). In this case the hydrogen 
chloride (HCl) or chlorine can`t be used for further pro-
cesses. Therefore, pyrolysis of PVC can be used and the 
techniques like two-stage pyrolysis, co-pyrolysis or ad-/
absorption of halogens in the vapor phase were tested for 
different purposes like removing chlorine in oil from mixed 
plastic waste (Bockhorn & Hornung, 1998; Liu et al., 2013; 
Muhammad et al., 2015; Shen et al., 2016). 

Electronic products are another essential component 
of modern society, but their importance has perhaps never 
been more noticeable than when the COVID-19 pandem-
ic forced almost every aspect of human interaction going 
online. However, the pandemic also demonstrated that the 
supply chains that provide crucial raw materials for manu-
facturing electronics are increasingly vulnerable to social, 
geopolitical, and technical disruptions. These vulnerabili-
ties are likely to increase in the future, due to global health 
crises, natural disasters, and worldwide political instability, 
all of which will be magnified by looming climate change 
impacts almost 40 metals and minerals that provide crit-
ical functionality to electronic products (Althaf & Babbitt, 
2021). A lot of these metals used in electronic products 
especially specialty metals like rare earth elements, galli-
um or indium (In) have End-of-Life-recycling rates (EoL-RR) 
of less than 1% (Graedel et al., 2011). In case of indium, 
EoL products are considered to be a promising secondary 
source (Lokanc et al., 2015). In the EU, total indium con-
sumption is estimated at 64 tonnes per year from 2012 to 
2016, with 60% of the total indium used in flat panel dis-
plays (FPDs), mainly in the form of indium tin oxide (ITO). In 
addition, 11% and 9% of the consumption is used in solders 
and photovoltaics, respectively, while the remaining 20% is 
used in thermal interface materials, batteries, alloys/com-

pounds, and semiconductors & light emitting diodes (LED) 
(European Commission, 2020). This highlights the impor-
tance of considering EoL electronic products as a viable 
source of indium, particularly for FPDs. The liquid crystal 
displays (LCDs) have the highest market share among 
FPDs (Zheng et al., 2023) (Figure 1).

Pyrolysis of PVC was tested to use the generated hydro-
gen chloride for the recovery of indium from indium-tin-oxide 
powder and LCDs (Park et al., 2009). The utilization of hydro-
gen chloride from PVC for the recovery of metals like indium 
from other waste streams was inspiring to do further re-
search with different PVC-containing material for the recov-
ery of indium from LCDs and LEDs in the projects “chlorine 
platform” and “CHM-Technology” (Berninger & Peer, 2022). 

2.	 MATERIALS AND METHODS
2.1	PVC-containing plastic waste and LCD-panels

PVC-containing materials were used for experiments 
further explained in chapter 2.3: automotive shredder res-
idue (4,350 ± 57 mg/kg Cl), sorting residues from light-
weight packaging (2,827 ± 196 mg/kg Cl), shredder residue 
from waste of electrical and electronic equipment (3,400 ± 
328 mg/kg Cl), window frames (237,263 ± 6,233 mg/kg Cl), 
cable (129,442 ± 5,479 mg/kg Cl), shutter (192,827 ± 7,120 
mg/kg Cl), PVC profiles (249,023 ± 6,043 mg/kg Cl), PVC-
pipes (353,762 ± 10,138 mg/kg Cl) and wall paper (58,033 
± 3,496 mg/kg Cl), where the particle sizes are lower than 
10mm. EoL–LCD-panels (83 ± 5 mg/kg In) were shredded 
to <40mm for the experiments.

2.2	Energy Dispersive X-Ray Fluorescence Spec-
troscopy

The elemental content in the input materials and prod-
ucts were analyzed by the X-ray spectrometer Epsilon 3XLE 
from PANalytical Kassel. The device was calibrated with the 
“omnian” standard from PANalytical Kassel, and the evalu-
ation of the data was performed with the Epsilon Benchtop 
software of the same manufacturer. The elements from 
sodium to americium can be analyzed. The focus of this 
work is on the reduction of chlorine from PVC-containing 
materials and the volatilization of indium from LCDs, which 
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FIGURE 1: Lamination structure of the ITO layer from LCD panel (Zheng et al., 2023).
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is why only the chlorine content is given for the PVC-con-
taining materials and only the indium content for the LCDs. 
The solid samples were crushed to <1 mm with the cutting 
mill of the company Retsch at 600 rpm for analysis and the 
liquid samples were analyzed directly.

2.3	Experimental set-up
PVC-containing materials were treated in a semi-con-

tinous pyrolysis plant with a halogenation reactor (Figure   
1). The Halogenation reactor was filled with 2,100 g LCDs 
before the plant was set-up, except for wallpaper, window 
frame and PVC-pipes. For these three materials, the Halo-
genation reactor was filled with 1050 g LCDs. The halogena-
tion reactor is self-made with 1.4571 steel, inner diameter 
of 50 mm, a wall thickness of 3mm and electric heated with 
two heaters each with a power of 3 kW. The reactor of the 
pyrolysis plant is self-made. Prior to treatment, the plant 
was set-up andflushed with nitrogen to remove the oxygen 
at a gas flow of 0.5 liters per minute. The pyrolysis reactor 
was heated up to 650°C. The halogenation with LCDs was 
heated up to 650°C. The polarizing film decomposed to sol-
id, gas and oil. The oil evaporates and condenses in cooling 
unit 3 as well as in cooling unit 4. 750 g PVC-containing 
material was filled into a cartridge in six batch with each 
batch 125 g. Only for wallpaper, window frame and PVC-
pipes the masses were 375 g and each batch 62.5 g. The 
mass ratio between LCDs and PVC material was 1:2.8 in all 
experiments. The exact masses are listed in Table 1. After 
inertization with nitrogen, the PVC material from the car-
tridge was added to the reactor. The cartridge was flushed 
again with nitrogen to remove pyrolysis vapors. The ther-
mochemical treatment and decomposition took place in 
the pyrolysis reactor at 650°C. Coke and pyrolysis vapor is 
generated. The coke remained in the pyrolysis reactor, was 
stirred and was transferred to the char container after 30 
min dwell time. Then the next batch was filled in. The va-
por flowed from the pyrolysis reactor through the cooling 
unit 1 and cooling unit 2, where it was cooled down and oil 
condensed. Then the HCl rich vapor reached the halogena-
tion reactor. Here the HCl reacted with the indium in the 
LCDs to indium chloride. The indium chloride evaporated at 
650°C and condensed at cooling unit 3 and cooling unit 4. 
The unreacted HCl was removed from the gas stream by 

scrubbing it at first in a washing bottle with water and then 
in two washing bottles with sodium hydroxide. In the bottle 
with cotton fine liquid particles were removed from the gas 
stream. The gas was analyzed with a gas analyzer from the 
company Pollutek. The measuring principles for the gases 
CO, CO2, CH4, and CnHm were a non-dispersive infrared sen-
sor, O2 was a electrochemical detector and for H2 it was a 
thermal conductivity detector. The gas wascleaned with ac-
tivated charcoal and released to the environment (Figure 2).

2.4	Recovery of the critical metal indium from metal 
concentrate

The indium was enriched in the liquid metal concen-
trate but mixed with organic material from the polarizing 
film decomposition from LCDs. The metal concentrate was 
mixed with water in a volume ratio of 1:1.75 and particles 
conglomerated. Then the particles were removed, by fil-
tering two times with a 2µm filter. The metal concentrate 
and filtrate is shown in Figure 3. For electrolysis the indium 
concentration was enriched in the solution. Therefore the 
filtrate was distillated to remove the solvent. The indium 
concentrate for electrolysis was 15 gram per liter and a vol-
ume of 10 ml. The electrolysis was conducted at a current 
of 5.2 volts and 0.1 ampere with electrodes of platinated 
titanium with a diameter of 6mm for one hour.

3.	 RESULTS AND DISCUSSION
 The pyrolysis of the PVC-containing materials gener-

ates the products solid residue, oil and gas. The mass of 
oil is containing the liquid in the bottles under cooling 1 
and cooling 2 as well as the residue in the pipes from the 
cooling unit 1 and cooling unit 2. The masses are listed in 
Table 1.

The most amount of solid residue was produced from 
the automotive shredder fraction. Due to the low chlorine 
content of the input material, not much oil and gas was pro-
duced. The most gas produced in the from the input-mate-
rial PVC profiles. Here the chlorine content was reduced by 
60.5% (Table 2). The most oil was produced from the in-
put-material shredder residue from waste of electrical and 
electronic equipment. This is caused due to the high poly-
olefin content. The chlorine content of the solid residues 

PVC-containing materials Input material
[g]

Solid residue
[g]

Gas
[g]

Oil
[g]

automotive shredder fraction 752.55 572.45 115.20 64.90

sorting residues from lightweight packaging 751.3 206.05 262.25 283.00

shredder residue from waste of electrical and 
electronic equipment 751.00 201.30 199.65 350.05

window frames 375.15 98.05 232.00 45.10

cable 751.60 438.1 120.85 192.65

shutter 751.00 332.45 334.35 84.20

PVC profiles 751.35 233.45 414.00 103.90

PVC-pipes 375.7 151.25 164.60 59.85

wallpaper 374.95 145.15 126.55 103.25

TABLE 1: Input masses [g] and products solid residue [g], gas [g] and oil [g].
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FIGURE 2: Schematic set-up of the plant for the experiments.

PVC-containing materials chlorine removed [wt.-%] Indium transferred to metal 
concentrate [wt.-%]

Indium in metal concentrate 
[ppm]

automotive shredder fraction 8-10* 0.9 11

sorting residues from lightweight packaging 8-10* 6.2 61

shredder residue from waste of electrical and 
electronic equipment 8-10* 26.8 393

window frames 94.8 29.9 335

cable 57.3 13.3 126

shutter 37.9 38.9 392

PVC profiles 60.5 33.3 1057

PVC-pipes 86.3 29.5 267

wallpaper 99.0 67.7 1230

* chlorine reduction calculated by subtraction of the chlorine mass from the products except solid residue from the input mass of chlorine.

TABLE 2: Chlorine removed from PVC-containing material [wt.-%], indium transferred to metal concentrate [wt.-%] and indium in metal 
concentrate [ppm].

FIGURE 3: Metal concentrate (left) and filtrate (right).
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were from automotive shredder fraction 9,167 ± 871 mg/kg, 
sorting residues from lightweight packaging 51,432±1,430 
mg/kg, shredder residue from waste of electrical and elec-
tronic equipment 14,780±1,215 mg/kg, window frames 
48,209 ± 926 mg/kg, cable 95,326 ± 17,114 mg/kg, shutter 
279,746 ± 5,019 mg/kg, PVC profiles 322,837 ± 1,512 mg/
kg, PVC-pipes 120,479 ± 1,778 mg/kg and wallpaper 1,466 
± 291 mg/kg. The highest chlorine content in the solid res-
idue is in the PVC-profiles. 

The calorific value of the solid residues were from auto-
motive shredder fraction 2.60MJ/kg, sorting residues from 
lightweight packaging 19.96 MJ/kg, shredder residue from 
waste of electrical and electronic equipment 8.13 MJ/kg, 
window frames 22.74 MJ/kg, cable 13.75 MJ/kg, shutter 
10.86 MJ/kg, PVC profiles 13.01 MJ/kg, PVC-pipes 17.39 
MJ/kg and wallpaper 11.44 MJ/kg. The highest calorific 
value of the solid residue was from the window frames.

The chlorine mass in the PVC-containing materials 
could be reduced between 8% and 99% via pyrolysis. The 
results are shown in Table 2. Hereby the reduction is the 
difference between the chlorine mass of the input-material 
and in the solid residue after pyrolysis. The indium content 
could be enriched in the metal concentrate up to 15 times 
in comparison to LCDs. This reduces the mass in the fol-
lowing process steps to the metallic indium and decreases 
costs. Between 0.9 wt.-% and 67.7 wt.‑% of the indium from 
the LCDs were transferred to the metal concentrate. This 
shows that some PVC-containing materials are better suit-
ed for this recovery of indium. 

 Normally by increasing the weight percent from indium 
transferred to metal concentrate, the indium in the metal 
concentrate should also increase, when the metal concen-
trate was only containing the indium and decomposed com-
ponents from the LCDs. This is not the case. Therefore, this 
indicates that the gas stream was not completely purified 
from oil after cooling unit 1 and cooling unit 2. The cooling 
system has to be improved for further experiments to avoid 
dilution with oil from PVC-containing materials. When 
more chlorine is removed from the PVC-containing mate-
rial, then more indium should be transferred to the metal 
concentrate. This tendency was the case, but this does not 
explain the difference between window frames and wallpa-
per. Here the difference was in the amount of gas, which 
was produced. The wallpaper produced 126.55 g gas and 
window frames 232.00 g gas. When more hydrochloric 
acid and less organic gaseous fraction was produced, then 
more indium was transferred to the metal concentrate.

The recovery of indium from the metal concentrate was 
achieved by mixing with water, filtration, evaporation and 
electrolysis. After filtration of the mixture of the metal con-
centrate with water 2/3 of the indium from the metal con-
centrate is in the filtrate and the rest in the filter residue. Af-
ter the removal of solvents, the solution contains 15 g In/L. 
From electrolysis 20mg indium were recovered as metal 
and a yield of 57% from the indium in the metal concentrate 
was achieved by this process steps. The purity is 78% indi-
um. This yield could be increased if the filterresidue is used 
as an additional input material for the halogenation reactor 
and if the electrolysis solution has a higher indium content, 
because then the current yield is higher. The best recovery 

of indium (78% purity after electrolysis) was 39wt-% from 
LCD panels containing 83 mg In/kg.

Here no dioxin or furan analysis was performed as the 
research focus was more on screening and product charac-
terization. The de-/chlorination processes should be tested 
in continuous processes. Another promising waste stream 
with a lot of critical metals are LEDs. All these aspects will 
be examined in the project “CHM-Technology”.

4.	 CONCLUSIONS
Essential products from the pyrolysis process of 

PVC-containing plastic waste like solid residue, oil and gas 
can be used. In a pyrolysis reactor, which is used for indus-
trial application, the generated products must be analyzed 
for dioxins/furans to be sure that no hazardous products 
are generated. There are PVC-containing plastic wastes 
like window frames, where a lot of chlorine remains in the 
solid residue. The pyrolysis process and combination with 
the total indium recovery yield of 30 wt-% with 78% purity 
are up to now only in small technical scale. This must be 
upscaled in a continuous process. The recovery of indium 
from LCDs is possible with the combination and further 
process steps. Here the limits are the heaters and mate-
rial for the halogenation reactor to handle the heat togeth-
er with the corrosive environment. For further byproducts 
from the process steps from the metal concentrate to the 
metal indium recycling opportunities should be found, to 
keep the cost for an industrial process low. 

The chemical recycling of PVC-containing plastic waste 
for recycling of critical metals is a promising route to solve 
two important problems in waste management.
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ABSTRACT
Nowadays the use of PFAS is widespread in products in modern society and their 
exposure can occur directly through emissions such as dietary intake, water intake, 
air inhalation, and skin contact. Additionally, exposure can happen indirectly through 
the environmental release and degradation of their precursors. To fully understand 
the potential for life cycle emissions, it is necessary to consider the waste stage, as 
it is an integral part of a substance life cycle, whether PFAS exists in its pure form as 
part of a mixture or within an article. Overall, knowledge about the impact of PFAS 
on current and future waste management remains limited. Therefore, this study con-
ducted a critical analysis of the presence of PFAS in relevant waste streams (plastic; 
metals; textile and leather; paper and cardboards). It also discussed how this pres-
ence could influence waste management, taking into account ongoing updates of 
the legal framework, with particular attention to proposed new provisions regarding 
their restriction in the REACH regulation. Within the discussed limits of the critical re-
view, only a very small number of outliers were found to exceed the considered limit 
of 25 ppb for each material category. The percentage of exceedances ranged from 
nearly 1% (PFOS measurements in paper and cardboard waste) to 8% (“Other PFAS” 
in textiles and leather waste). Regarding the analytical methods and current limits 
identified, a pragmatic solution is suggested. This solution combines “not targeted” 
and “targeted” methodologies in a stepwise procedure, building upon the OECD defi-
nition of PFAS.

1.	 INTRODUCTION
The term “Per- and polyfluoroalkyl substances” (PFAS) 

identifies a class of synthetic compounds that have at-
tracted much public attention since the late 1990s and 
early 2000s, when the hazards, the ubiquitous occurrence, 
and the persistence of two PFAS, perfluorooctanoic acid 
(PFOA) and perfluorooctane sulfonic acid (PFOS), started 
to be reported and recognized.

Nowadays the use of PFAS is widespread in products 
for the modern society. This includes for example applica-
tions in personal care products and cosmetics, ski waxes, 
firefighting foams, durable water and stain repellence in 
textiles, food contact materials, medical devices, pharma-

ceuticals, laboratory supplies, equipment, and instrumen-
tation, perfluorosulfonic membranes, used in a wide range 
of chemical synthesis and separation operations and in an-
alytical instrumentation (Cousin et al., 2019). Exposure to 
these substances may arise directly from emissions, such 
as dietary intake, water intake, air inhalation, and skin con-
tact, or indirectly via the environmental release and degra-
dation of their precursors.

As PFAS are chemicals with diverse molecular struc-
tures and physical, chemical and biological properties, the 
regulatory framework highly recommends that such diver-
sity should be properly recognized.

The basic structure of a PFAS consists of a carbon 
chain with substituted fluorine atoms replacing hydro-
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gen atoms on the chain, and with different categories of 
PFAS chemicals possessing different substituents and 
functional groups within (e.g., ethers) or terminal to the 
chain (Williams et al., 2022). From this rough structural 
explanation different definitions have been made to en-
compass broad working scopes or satisfy narrower reg-
ulatory guidelines.

In one of the earliest attempts, Buck et al. (Buck et al., 
2011) defined PFAS as aliphatic substances that “contain 
one or more carbon atoms on which all of the hydrogen 
substituents (present in the nonfluorinated analogues from 
which they are notionally derived) have been replaced by 
fluorine atoms, in such a manner that they contain the per-
fluoroalkyl moiety (− CnF2n+1 −)”.

According to the revised PFAS definition by OECD 
(2021), “PFAS are defined as fluorinated substances that 
contain at least one fully fluorinated methyl or methylene 
carbon atom (without any H/Cl/Br/I atom attached to it), 
i.e., with a few noted exceptions, any chemical with at 
least a perfluorinated methyl group (−CF3) or a perfluori-
nated methylene group (−CF2−) is a PFAS”. The “noted 
exceptions” refer to a carbon atom with a H/Cl/Br/I atom 
attached to it (Wang et al., 2021). Hereafter, it is referred to 
as the OECD 2021 definition.

Finally, a new definition by Gaines et al. (Gaines et al., 
2023) combined a chemical structure with the percentage of 

fluorine. Here PFAS are defined as substances based on four 
substructures (Figure 1) along with any structures where the 
molecular formula is at least 30% fluorine by atom count.

A 2015 study reported that more than 3,000 PFAS 
were on the global market for commercial use (Swedish 
Chemicals Agency, 2015). In 2018, the OECD found 4730 
different CAS numbers for PFAS (OECD, 2018). The United 
States Environmental Protection Agency’s (USEPA) toxicity 
database, DSSTox, lists 14735 unique PFAS chemical com-
pounds (USEPA, 2022; Gaines et al., 2023). 

The abovementioned synthetic and representative sta-
tistics demonstrate the large variation in the numbers of 
chemicals that could be considered as a PFAS, based on 
the different definitions, including the variations in chem-
ical fluorination (Gaines et al., 2023; Williams et al., 2022).

Figure 2 shows the total number of substances of PFAS 
according to different definitions compared with the num-
ber of substances for which regulation limits are existing 
(see next paragraph).

The waste stage is part of the life cycle of a substance 
in a mixture or in an article. Therefore, its distribution via 
the supply chain including service-life of articles and waste 
stage as an emission source with its associated risks 
should be taken into account. 

The understanding of waste management (recycling, 
landfill, incineration, or composting) and the fate of PFAS 

FIGURE 1: Substructures used in combination with percentage of fluorine. In Substructure 3 “any” indicate the type of bond between the 
two carbons. For Substructure (4) the heteroatom Q can be B, O, N, P, S, or Si.

FIGURE 2: Number of substances for: PFOS and its derivates (Department for Environment, Food and Rural Affairs, 2015); PFOA, its salts 
and PFOA-related compounds (UNEP, 2022); PFHxS, its salts and PFHxS -related compounds (UNEP, 2019); C9-C14 PFCAs, their Salts 
and C9-C14 PFCA-Related Substances (ECHA, 2017); PFAS according to OECD classification (2018) and EPA classification (EPA, 2018).
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in the waste stage is important if the aim is to understand 
the potential of complete life cycle emissions.

The EU waste classification system is primarily gov-
erned by the Waste Framework Directive (2008/98/EC), 
which sets out the general principles for managing waste 
in the EU. It establishes a harmonized waste classification 
system known as the European Waste Catalogue (EWC). 
The EWC provides codes and descriptions for different 
types of waste, allowing for standardized identification and 
classification of waste materials. PFAS, which are a group 
of man-made chemicals used in various industrial and con-
sumer products, do not have specific codes or classifica-
tions within the EWC. However, depending on the specif-
ic characteristics and properties of the waste containing 
PFAS, it may fall under existing waste codes that pertain to 
related substances or materials. For example: if the waste 
containing PFAS exhibits hazardous properties according 
to the EU’s Hazardous Waste Directive (Commission reg-
ulation (EU) No 1357/2014; 2017/997/EU), it would be 
classified as hazardous waste. Hazardous waste is further 
categorized based on specific hazardous properties, such 
as being toxic, flammable, or corrosive. PFAS-containing 
waste that displays any of these properties would be today 
classified accordingly. 

Consequently, when it comes to the disposal or recov-
ery of waste containing PFAS, several considerations come 
into play. These may include Hazardous Waste Classifica-
tion that generally requires special handling, treatment, and 
disposal procedures.

Currently, the recycling of waste containing PFAS can 
be problematic due to the persistent characteristics and 
high bioaccumulation potential of these compounds. PFAS 
can be difficult to remove completely from materials and 
can persist into the recycling cycle, contaminating other 
materials or recycling processes.

Incineration is one method used for the treatment of 
certain wastes, including hazardous waste. Waste contain-
ing PFAS may require specific considerations when incin-
erated, as some PFAS compounds may release harmful 
by-products if inadequately burned. Proper incineration 
facilities equipped to handle PFAS-containing waste and 
prevent or minimise the release of PFAS into the environ-
ment are necessary. 

Certain waste containing PFAS may be disposed of in 
regulated landfills designed to handle hazardous waste. 
Additionally, the long-term management and monitoring of 
landfill sites may be required due to the persistence and 
potential environmental risks associated with PFAS. Ded-
icated acceptance criteria for PFAS should be defined ac-
cordingly.

Research and development are ongoing to identify ef-
fective treatment technologies for PFAS-containing waste. 
Advanced treatment methods such as thermal desorption, 
chemical degradation, or adsorption techniques may be 
used to remove or reduce PFAS concentrations in the waste 
stream. In some cases, additional and final treatments can 
be required specifically for the residues generated where 
PFAS may be concentrated.

The End of Waste (EoW) procedure, is a regulatory pro-
cess that establishes when certain waste materials cease 

to be classified as waste and can be considered as prod-
ucts or secondary raw materials. The EoW procedure aims 
to promote recycling and resource recovery by providing 
clarity on when waste materials have undergone sufficient 
treatment or processing to meet specific quality standards 
and no longer pose significant risks to human health and 
the environment. The specific criteria and procedures for 
determining the EoW status can vary between countries or 
regions. However, there are typically common elements in-
volved, such as: 

•	 quality standards: EoW criteria define the specific qual-
ity parameters that waste materials must meet to be 
considered as products or secondary raw materials. 
These parameters may include chemical composition, 
physical properties, contaminants levels, or other rele-
vant characteristics;

•	 verification process: the verification process involves 
assessing and documenting that the waste material 
meets the established quality standards. This is typical-
ly done through testing, analysis, and documentation, 
either by the waste generator or a third-party certifica-
tion body;

•	 regulatory approval: once the waste material has under-
gone the necessary treatment and meets the EoW cri-
teria, it may require regulatory approval or acknowledg-
ment to be officially recognized as a non-waste product 
or secondary raw material. This approval process may 
involve submitting applications, providing evidence of 
compliance with the criteria, and obtaining permits or 
certifications;

•	 market acceptance: Even if a waste material meets the 
EoW criteria, its acceptance in the market as a product 
or secondary raw material depends on factors such as 
demand, market conditions, and specific industry re-
quirements.

The EoW procedure is important as it incentivizes the 
recycling and recovery of waste materials, reduces reli-
ance on virgin resources and promotes a circular econ-
omy. Indeed, a new regulation on PFAS contents in sub-
stances, matrixes and articles could limit the circularity of 
materials.

There is another relevant aspect to consider: the pres-
ence of PFAS in the waste streams will remain for a long 
while; this is due to:

•	 nowadays it is neither practical nor reasonable to ban 
all uses of PFAS in one step, because some specific 
applications may serve a critical role for which alterna-
tives currently do not exist (Cousin et al., 2019). This 
is the case for example of the use of PFAS for occu-
pational protective clothing. In other words, the use of 
some PFAS is still considered “essential”, meaning that 
they are “necessary for health, safety or is critical for 
the functioning of society” and that “there are no availa-
ble technically and economically feasible alternatives” 
(United Nations, 1987);

•	 the long-life cycle of some products, such as laboratory 
supplies, equipment, and instrumentation, will determi-
ne the presence of PFAS in waste long after the time of 
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placing on the market of those products;
•	 in some cases, such as landfill mining, wastes poten-

tially contaminated by PFAS, originally disposed of in a 
landfill as their final destination, can be newly conside-
red for recovery;

•	 leachates from landfills can be contaminated by PFAS 
for a long period (Zhang et al., 2023; Lu et al., 2023).

The general objective of this study is to deepen the 
knowledge of the presence of PFAS in relevant waste 
streams for recycling issue, and to understand how this 
could influence current and future waste management and 
recycling practises, considering continuous updates of the 
relative legal framework, paying particular attention to the 
proposed new provisions on their restriction in the REACH 
regulation (BAuA et al, 2023a). 

To do so, a systematic critical review of the scientific lit-
erature was performed to collect PFAS concentration rang-
es in waste items categorized within relevant four waste 
material categories (i.e., plastic; paper and cardboard; 
textile and leather; metals), as presented and discussed 
in both peer-reviewed articles already published and other 
significant documents. The collected results were com-
pared with regulation limits to ease the understanding of 
their impacts on waste management practices.

2.	 THE EU REGULATORY FRAMEWORK
Here, the regulation analysis is concerned with the pres-

ence of PFAS in solid wastes and as a substance, whether 
on their own or in mixtures, or in articles. In fact, there is 
a strong connection between waste and manufacturing 
sectors because they both place those substances on the 
market on their own, in mixtures or in articles. At the end-
of-life stage, products become waste and this can return 
on the market after a recycling process as EoW. Therefore, 
specific limits, provisions, restrictions, etc. on PFAS in one 
sector will have consequences in the other sector. Figure 
3 graphically depicts the established concentration limits 
which have or may have impacts on waste management, 
while Table S1 in the Supplementary Material provides a 
comprehensive list of regulation limits or proposed limits 
on PFAS that currently impact or may potentially affect 
waste management.

In the section below, the state of art, derived from (I) 
the Stockholm Convention on Persistent Organic Pollut-
ants (POPs), (II) the EU POPs Regulation, (III) Regulation on 
classification, labelling and packaging of substances and 
mixtures (CLP), (IV) REACH Regulation, (V) classification 
of waste, (VI) specific provisions for disposal or recovery 

FIGURE 3: Graphical representation of limits on PFAS with implications on waste management.
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operations of waste and (VII) the EoW procedure, is intro-
duced and analysed.

Then, specific considerations regarding the application 
of the circular economy policy are introduced with respect 
to the recent restriction proposal under REACH from the 
national authorities of Denmark, Germany, the Netherlands, 
Norway, and Sweden (BAuA et al, 2023a). This is because 
this last proposal is the most conservative with considera-
tion to all the PFAS.

2.1	The state of the art
Only few PFAS, PFOA, and PFOS, and PFHxS have been 

listed under the Stockholm Convention on Persistent Or-
ganic Pollutants (POPs) in Annex “A” or “B” (UN Environ-
ment Programme and Stockholm Convention, 2023). For 
chemicals listed in Annex “A” (PFOA and PFHxS), parties 
must take measures to eliminate their production and use, 
even if specific exemptions can be available. For chemicals 
listed in Annex “B” (PFOS), parties must take measures to 
restrict their production and use considering any applica-
ble acceptable purposes and/or specific exemptions listed 
in the Annex.

Consequently, these chemicals are now restricted un-
der the EU POPs Regulation (Regulation (EU) 2019/1021, 
as amended by Regulation (EU) 2022/2400).

Some other long-chain PFAS have a harmonised hazard 
classification under the Regulation on classification, label-
ling and packaging (CLP) of substances and mixtures. 

Actually, REACH Regulation has included a PFAS group 
for restriction only for one case: C9-C14 PFCAs, their salts 
and C9-C14 PFCA- related substances. However, there are 
some proposals for other groups (see Table 1) for being 
assessed for a restriction under REACH.

For the purpose of this study, the recent restriction pro-
posal under REACH from the national authorities of Den-
mark, Germany, the Netherlands, Norway and Sweden is 
relevant (BAuA et al, 2023a). Since the proposal considers 
all the PFAS according to OECD 2021 definition; it suggests 
a solution on a fundamental problem of the approach fol-
lowed until now for PFAS in REACH: that the restriction or 
elimination is limited to individual substances or groups 
of closely related substances. Likewise, this proposal is in 
line with the recast of the Drinking Water Directive (Direc-
tive EU 2020/2184) which includes a grouping approach 
for all PFAS i.e., a limit of 0.5 µg/l for all PFAS. 

The proposal further includes a combination of limits 
which can be detected in a solid matrix using different an-
alytical approaches: targeted analysis regarding the limit 
of 25 ppb (0.025 mg/kg) for any potential PFAS (polymeric 
PFAS excluded from quantification); total oxidizable pre-
cursors (TOPs) regarding the limit of 250 ppb (0.25 mg/kg) 
for the sum of PFAS (polymeric PFAS excluded from quan-
tification); non targeted method (total organic fluorine) re-
garding the limit of 50 ppm (50 mg/kg) for PFAS (polymeric 
PFAS included).

Concerning waste management only PFOA, and PFOS, 
and PFHxS have been identified in Annex IV and V of 
Regulation (EU) 2019/1021. The limits in Annex IV repre-
sent specific provisions in waste management such as 
the prohibitions of disposal or recovery operations that 

may lead to recovery, recycling, reclamation, or re-use of 
wastes with concentrations above these limits. The limits 
in Annex V represent the maximum concentration limits 
of substances listed in Annex IV allowed in specific waste 
streams to be otherwise dealt with in accordance with a 
method listed in Part 2 of Annex V (permanent storage in 
hazardous waste landfills or underground permanent stor-
age (incl. salt mines) providing that competent authorities 
agreed).

For the classification of waste as hazardous, the EU 
Commission Decision 955 of 18 December 2014, amend-
ing Decision 2000/532/EC, states that wastes containing 
the first POPs indicated in the former POPs regulation 
(Regulation (EC) No 850/2004) exceeding the reported 
concentration limits listed in Annex IV shall be classified as 
hazardous. It is worth mentioning that in this list PFAS are 
not mentioned but amendments of the Directive 2008/98/
EC or Decision 955 of 18 December 2014, modifying Deci-
sion 2000/532/EC, could introduce new concentration lim-
its for PFAS affecting the classification of waste.

For the EoW procedure, a waste containing PFAS that 
achieves EoW status, the associated producer of this 
material, i.e., the person who places the material on the 
market for the first time after it ceases being waste, must 
ensure that the material meets any relevant requirements 
under REACH Regulation (EC) 1907/2006 and CLP Regula-
tion (EC) 1272/2008. Therefore, provisions for restriction 
or elimination of PFAS in substances, mixtures, or articles 
must be applied also to materials from EoW procedure. 
This concept is clearly mentioned in the proposal from 
the national authorities of Denmark, Germany, the Nether-
lands, Norway, and Sweden is relevant (BAuA et al, 2023a). 
In their “Questions and Answers” the agencies affirmed 
that the “proposed restriction apply to articles regardless 
of whether they are made from virgin or recycled materials” 
(BAuA et al, 2023b).

Figure 4 shows a comprehensive overview of the most 
relevant regulations in the waste field where existing and 
proposed limits for PFAS could influence current and future 
waste management practises.

2.2	Implications on circular economy from the re-
cent restriction proposal under REACH

This new proposal (BAuA et al, 2023a) could impact 
the circular economy. In fact, it must be considered that 
among the requirements to obtain the EoW status, the 
legislation in force provides that “the substance or object 
fulfils the technical requirements for the specific purposes 
and meets the existing legislation and standards applica-
ble to products”.

Therefore, if the proposal - as previously mentioned - 
will also apply to materials from a waste recycling process, 
since treatments for removing PFAS from waste are not 
currently available, they will not be destined for material 
recovery, but for disposal and, if possible, energy recovery.

This would create a conflict between two objectives; 
from one side the policies of the European Union require 
Member States to encourage the circular economy favour-
ing as much as possible the recovery of waste (in particu-
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lar of the textile and plastic sector), while on the other side 
they introduce new conservative limits of PFAS to prevent 
harm to human health and to the ecosystem which could 
limit the recovery of waste.

The legislator has the aim to resolve these conflicts 
considering also the conclusions of the EU Court of Jus-
tice (decision of 19 January 2023, case C-147/21) where 
two relevant principles are explicated: (I) the obligation of 
Member States to respect the principle of proportionality 
and (II) the burden of proving the existence of proportion-
ality falls on those who invoke it, not on those who deny it. 
The aforementioned conclusions can be read as follows:

•	 “53. it is for the national authorities, in each individual 
case, to demonstrate that the national legislation at is-
sue satisfies the principle of proportionality, that is to 
say, that it is necessary to achieve the declared objective 
and that it could not be achieved by prohibitions or re-
strictions that are less extensive or have less effect on 
trade within the European Union. To that end, it is for tho-
se authorities to provide the necessary evidence to that 
effect. The reasons which may be invoked by a Member 
State by way of justification must thus be accompanied 
by an analysis of the appropriateness and proportionali-
ty of the restrictive measure adopted by that State, and 
by specific evidence substantiating its arguments (judg-
ment of 23 December 2015, Scotch Whisky Association 
and Others, C‑333/14, EU:C:2015:845, paragraphs 53 
and 54).

•	 54. It follows that, where a national court examines na-
tional legislation in the light of the justification relating 
to the protection of the health and life of humans, under 

Article 36 TFEU, it is bound to examine objectively whe-
ther it may reasonably be concluded from the eviden-
ce submitted by the Member State concerned that the 
means chosen are appropriate for the attainment of the 
objectives pursued and whether it is possible to attain 
those objectives by measures that are less restrictive of 
the free movement of goods (see, to that effect, judg-
ment of 23 December 2015, Scotch Whisky Association 
and Others, C‑333/14, EU:C:2015:845, paragraph 59).”

3.	 MATERIALS AND METHODS
The stepwise procedure for literature sources selection 

(Figure 5), was based on the so-called “Preferred Report-
ing Items for SRs and Meta-Analyses “(PRISMA) guidelines 
(Gurevitch et al., 2018; PRISMA, 2023). Documents iden-
tification was carried out in the electronic repositories of 
i) Elsevier Bibliographic Database (Scopus) and ii) Web of 
Science (WOS), by searching, in the Titles, Abstracts or Arti-
cles Keywords, the following keywords chains, one for each 
specific investigated waste stream:

•	 “PERFLUOROALKYL*” OR “POLYFLUOROALKYL*” OR 
“PFAS” AND “PLASTIC*” AND “WASTE*” AND NOT 
“WASTEWATER”;

•	 “PERFLUOROALKYL*” OR “POLYFLUOROALKYL*” OR 
“PFAS” AND “PAPER* WASTE*” OR “CARDBOARD” 
OR “CELLULOSIC WASTE” AND “WASTE*” AND NOT 
“WASTEWATER”;

•	 “PERFLUOROALKYL*” OR “POLYFLUOROALKYL*” OR 
“PFAS” AND “METAL* WASTE*” OR “FERROUS WASTE*” 
AND “WASTE* AND NOT WASTEWATER” OR “SCRAP*”;

FIGURE 4: Graphical representation of the most relevant regulation applications in the waste field where PFAS can be interested.
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•	 “PERFLUOROALKYL*” OR “POLYFLUOROALKYL*” OR 
“PFAS” AND “TEXTILE*” OR “LEATHER” AND “WASTE*” 
AND NOT “WASTEWATER”.

Documents were retrieved from the online databas-
es according to the following criteria: electronic version 
of the articles is available; the language of the articles 
is English; and documents type was Article. Documents 
were excluded if consisting of Review Article, Proceeding 
Paper, Book Chapters, Letters etc. Furthermore, the docu-
ments cited in the literature reviews (identified but exclud-
ed from the scope of the current analysis according to 
the PRISMA guidelines) were further included as external 
sources.

Identified documents underwent a screening and those 
with abstracts not providing a description or a discussion 
of quantitative data about PFAS concentrations were fil-
tered out.

A futher full-text reading of the screened documents 
was conducted toto include the papers considered eligi-
ble according to the scope of the analysis. In this phase, 
papers not showing quantitative data derived from analyt-
ical measurements, or those presenting PFAS concentra-
tion on substrates not relevant for this study (e.g., landfill 
leachates) were considered not eligible. Also, those items 
reporting data as mass per unit area (e.g, µg m-2) were con-
sidered not eligible to ease direct comparison of PFAS con-
centrations and regulation limits.

Eligibility was extended to those documents, mostly de-
rived from three identified but excluded review articles (Bar-
houmi et al., 2022; Bulson et al., 2023; Coffin et al., 2023), 
even if showing analytical data measured in products (i.e., 
still not yet “waste”), since they were considered as signif-
icant for the assessment of the presence of PFAS in the 
studied waste streams, as suggested by the review articles 

themselves. In other words, the so-included documents were 
assumed characterizing products representative of “waste-
to-be”, thus ultimately influencing their management prac-
tices (i.e., characterization and classification, treatment, 
disposal or potential recycling to achieve EoW status).

The final list of the documents considered eligible is re-
ported in the Supplementary Materials.

Two reviewers (BG & GG) independently extracted 
data from each original publication. Data extraction per-
formed on the eligible documents allowed the retrival of 
information regarding: the material streams of the ana-
lysed sample; the specific waste or product item of the 
analysed sample; the geographical origin of the sample; 
the year of sampling; the concentration values of the 
quantified parameters (i.e., single substance concentra-
tions or sums of them); the analytical methods used for 
the analytical quantification; where available, the value of 
the Limit of Detection/Limit of Quantification (LOD/LOQ); 
information on possible specific treatments or analytical 
procedures performed on the sample that can be useful 
to include/exclude the single entries from the statistical 
analysis.

When concentration data were reported lower than the 
LOD or LOQ, they were extracted as equal to the report-
ed LOD or LOQ value divided by two (EFSA, 2012; SNPA, 
2021). Values of LOD or LOQ reported higher than 25 ppb 
(0.025 mg/kg) were excluded from the data extraction 
since they could not be compared with all the regulation 
limits (both established or proposed). Where LOQ or LOD 
values were not reported, an average value of LOD or LOQ 
values available in other documents were extracted, pref-
erentially for each single parameter, or groups of parame-
ters (e.g., FTOHs) where this latter approach could not be 
applied.

FIGURE 5: Flow diagram resuming the stepwise procedure followed for the performance of the systematic critical review.
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Overall, a total of 5795 single concentration values 
from 25 papers were extracted. Among them, 4836 were 
used for descriptive statistical analysis and comparison 
with regulation limits; the exclusions included data which 
could not be organized consistently to the aim of the sta-
tistics such as sums of concentrations of different param-
eters (e.g., ∑PFAS, ∑PFCAs, ∑FTOHs, etc.).

Likewise, a specific comparison was performed con-
sidering material-specific PFAAs concentration data be-
tween two relevant analytical approaches. In this way it 
was possible to assess the influence of a specific sample 
preparation method (i.e., TOP assay) on the results of the 
quantification step.

These concentration values were organised in catego-
ries according to the detected substances and the waste 
stream of origin (i.e., paper and cardboard waste, textile 
and leather waste, plastic waste and metal waste) and to 
the measured parameters.

The analysis performed on categorized data includ-
ed descriptive statistics (i.e., median, min-max range, Q1 
and Q3 values, and 5%-95% percentiles) and graphical rep-
resentation of data through box plots. The results of this 
latter allowed to compare the collected concentration data 
with the regulation limits and thus calculate the percentage 
of limit exceedances for each considered category. 

For the purpose of this study, the comparison relied on 
the lowest limit value which could be applied to all single 
targeted PFAS i.e., 25 ppb (Figure 3).

3.1	Waste streams
Only the following waste categories were considered 

in the scope of this study because of the known potential 
presence of PFAS in these streams: plastic; metals; textile 
and leather; paper and cardboards.

The Table 1 shows the percentages of the above-men-
tioned waste streams on the total amount of waste exclud-
ing major mineral waste generated in EU for 2020. 

Furthermore, the specific items (plastic straws, carpets, 
automotive shredder residues, plastic scraps from end-life 
vehicles, etc.), on which the targeted substances were 
measured, were recorded.

3.2	Detected substances
The PFAS measured in the selected papers have been 

organized according to the definition laid down by the 
OECD, (2021), as graphically represented in Figure 6. Dif-
ferent subgroups of PFAS have been associated with the 
class of chemicals as explicitly mentioned in existing or 
proposed regulations.

Finally, considering all the available data, concentration 
values were grouped into the following 5 categories for 
each considered material:

1.	 PFOS, i.e., values relative to single sample concentra-
tions of PFOS;

2.	 PFOA, i.e., values relative to single sample concentra-
tions of PFOA;

3.	 PFHxS, i.e., values relative to single sample concentra-
tions of PFHxS;

4.	 C9-C14 PFCAs, i.e., values relative to single sample 
concentrations of PFNA, PFDA, PFUnDA, PFDoDA, PF-
TrDA and PFTeDA;

5.	 other, i.e., values corresponding to single sample con-
centrations of PFAS molecules not listed in the previ-
ous categories, but considered in the updated OECD 
definition, i.e., including non-regulated PFAAs together 
with the so-called “PFAAs precursors”.

3.3	Analytical methods
From a testing point of view, PFAS analysis is carried 

out primarily through extraction and purification followed 
by liquid chromatography coupled with tandem mass 
spectrometry. As a “targeted” analytical procedure, its ap-
plication is limited to the quantification of the concentra-
tion for a fixed set of parameters. Thus, it doesn’t provide 
a measure of either the magnitude of the “pool” of PFAS 
that may exist, nor the potential for targeted PFAS for-
mation due to natural transformation of precursor com-
pounds. In this class, the following standard methods are 
identified:

•	 ASTM D 7968-17A: 2017 “Determination of Polyfluor-
inated Compounds in Soil by Liquid Chromatography 
Tandem Mass Spectrometry (LC/ MS/MS)”;

•	 EPA 3550 C: 2007 “Ultrasonic Extraction” + EPA 8327: 
2021 “per- and polyfluoroalkyl substances (PFAS) by 
liquid chromatography/tandem mass spectrometry 
(LC/MS/MS)”.

In these methods, targeted analytes include a range of 
PFCAs and PFSAs as well as a smaller number of PFAS 
precursors and intermediate transformation products (e.g., 
partially oxidized PFAS precursors). Methods can be mod-
ified to broaden the set of quantified analytes to a limit 
defined by i) the commercial availability of appropriately 
certified reference materials and ii) the compatibility with 
existing types of analytical equipment. Currently, standards 
are available for almost 40 substances, as reported in Fig-
ure 7 (Ateia et al., 2023). However, the number of PFAS po-
tentially analysed via targeted analysis will likely increase 
over time.

In this context, the Total Oxidizable Precursors (TOP) 
assay was developed to quantify the presence of targeta-

Waste stream tonne %

Textile (1) 1,950,000 0.25%

Plastic 19,030,000 2.45%

Paper and cardboard 43,490,000 5.60%

Metal (2) 82,180,000 10.59%

Other wastes (3) 629,640,000 81.11%

Total waste excluding major 
mineral wastes

776,290,000 100.00%

(1) including leather
(2) sum of metal wastes, ferrous, metal wastes, non-ferrous and metal 
wastes, mixed ferrous and non-ferrous
(3) sum of sludges and liquid waste from waste treatment, sorting resi-
dues, chemical and medical wastes, glass wastes, rubber wastes, wood 
wastes, equipment, animal and vegetal wastes, household and similar 
wastes excluding major mineral wastes

TABLE 1: Waste generation (Hazardous and non-hazardous) in 2020 
for European Union - 27 countries. (reference: https://ec.europa.eu/
eurostat/databrowser/view/env_wasgen/default/table?lang=en).
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ble PFAS precursors. Here, the term “PFAS precursor” re-
fers to PFAS with the potential for oxidative transformation 
resulting in terminal products such as PFAAs (Figure 6). 
The TOP assay allows the conversion of oxidizable PFAS 
precursors into PFAAs, which are then measured using a 

targeted PFAS analytical method. One of the most relevant 
benefits of this method is its compatibility with the same 
analytical instrumentation utilized in targeted analysis.

More recently, there has been a focus in the industry 
to develop and validate lower cost alternatives that also 

FIGURE 6: A comprehensive overview of PFAS groups associated with regulated classes of PFAS (based on OECD, 2021).
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provide a more comprehensive measure of total PFAS 
presence. This has resulted in several “non-targeted” 
methods able to quantify fluorine concentration, in terms 
of Total Fluorine (TF), Adsorbable Organic Fluorine (AOF), 
Extractable Organic Fluorine (EOF) and total organic fluo-
rine (TOF). These methods are often used to screen out 
samples showing very low fluorine content from further 
targeted analysis. However, these methods do not identify 
the molecular configuration and may therefore deliver non- 
realistic estimations of PFAS concentration (Schwartz-Nar-
bonne et al., 2023).

4.	 RESULTS AND DISCUSSION
The resulting box plots showing the distribution of 

concentration data extracted from the eligible papers are 
depicted in Figures 8, 9, 10 and 11. Further, the entire da-
taset is available in Supplementary Materials together with 
detailed descriptive statistics for each waste flow and pa-
rameter category.

4.1	Considerations on the waste streams investigat-
ed

Considering sample sizes of each considered material 
category, most eligible documents focused on the paper 
and cardboard waste (17 papers) and textile and leather 
waste (seven papers), with a total of 2680 and 1488 ob-
servations, respectively. The plastic waste category was 
investigated by a lower number of documents (six papers) 
resulting in 613 observations. Instead, metal waste was 
the category less investigated by the documents consid-
ered for the data extraction, with only two papers covering 
the category and a significantly smaller amount of extract-
ed data (55). Looking at the analyzed waste items, meas-
urements for paper and cardboard waste were mainly done 
on disposable food contact materials (e.g., bowls, paper 
table wares, beverage cups, paper bags, etc.), several dedi-
cated to substitute single use plastics, and disposable fast 
food packaging materials (e.g., fast food wraps, pop-corn 
bags, boxes for French fries, etc.). Textile and leather waste 
data refers mostly to treated upholstery (both from hous-

FIGURE 7: The “iceberg” knowledge of PFAS from a regulation perspective. Modified from Ateia et al., (2023).

FIGURE 8: Box Plot resuming the concentration data gathered for the category “Paper and Cardboard waste”. The line within the boxes 
shows the median value, the box denotes the range of 50% of data, whiskers range from the lower to the higher value within 1.5 interquar-
tile ranges and asterisks stand for outliers. The y axis was trunked at 100 ppb to ease the comparison between the collected data and 
the proposed limit value of 25 ppb (red dashed line). The range of values for each investigated parameter is indicated in Supplementary 
Materials.
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FIGURE 9: Box Plot resuming the concentration data gathered for the category “Textile and leather waste”. The line within the boxes shows 
the median value, the box denotes the range of 50% of data, whiskers range from the lower to the higher value within 1.5 interquartile 
ranges and asterisks stand for outliers. The y axis was trunked at 100 ppb to ease the comparison between the collected data and the pro-
posed limit value of 25 ppb (red dashed line). The range of values for each investigated parameter is indicated in Supplementary Materials.

FIGURE 10: Box Plot resuming the concentration data gathered for the category “Plastic waste”. The line within the boxes shows the me-
dian value, the box denotes the range of 50% of data, whiskers range from the lower to the higher value within 1.5 interquartile ranges and 
asterisks stand for outliers. The y axis was trunked at 100 ppb to ease the comparison between the collected data and the proposed limit 
value of 25 ppb (red dashed line). The range of values for each investigated parameter is indicated in Supplementary Materials.

FIGURE 11: Box Plot resuming the concentration data gathered for the category “Metal waste and metal scraps”. The line within the boxes 
shows the median value, the box denotes the range of 50% of data, whiskers range from the lower to the higher value within 1.5 interquar-
tile ranges and asterisks stand for outliers. The y axis was trunked at 100 ppb to ease the comparison between the collected data and 
the proposed limit value of 25 ppb (red dashed line). The range of values for each investigated parameter is indicated in Supplementary 
Materials.



A. Pivato et al. / DETRITUS / Volume 26 - 2024 / pages 89-105100

es -e.g., carpets- and End-Life-Vehicles (ELV)) and treated 
apparels. Plastic waste data were mainly collected from 
measurements done on single-use plastic packaging, ELV 
plastic components and parts of household appliances. 
Finally, metal waste dataset was mainly composed of con-
centration data derived from the analysis of Automotive 
Shredder Residues (ASR) derived from treatment of ELV. 
The detailed information about the specific waste types 
are included, for each entry, in the dataset available in the 
Supplementary Materials.

4.2	Comparison between PFAS concentrations and 
proposed limits

Looking at the box-plots, for each material, all the in-
vestigated parameters (or groups of them) show similar 
rightly skewed distributions, with the large majority of data 
characterized by very small concentration values and only 
few rare high to very high observations, with median val-
ues squeezed near the Q1 and lower whiskers approach-
ing zero ppb, with the only exception of PFOA category for 
metal waste, which is however characterized by very small 
sample size.

Except for metal waste for which little data is available, 
high percentages of data for each group parameter were 
interestingly recorded below the LOQ or LOD, as quantified 
in Table 2. Within each material category, the lower frac-
tions of concentration values recorded lower than LOQ or 
LOD were those related with PFOS and PFOA content, with 
an average of about 40%, 60% and 50% values < LOQ/LOD 
for paper waste, textile waste and plastic waste, respec-
tively.Conversely, higher percentages of unquantified con-
centration values were recorded for the parameter PFHxS, 
ranging from 68% in textiles and leather waste to more 
than 90% of data in the paper and cardboard waste. Fur-
ther, C9-C14 PFAS and the remaining parameters grouped 
under “Other PFAS”, were also characterized by similar 
trends, showing a peak of 90% of C9-C14 PFAS data under 
the limit of detection in textile and leather waste and 76% 
of Other PFAS concentrations not detected for paper and 
cardboard waste.

As it is visible from the box-plots, just relatively few out-
liers resulted higher than the considered limit of 25 ppb, for 
each material category. The percentages of exceedances 
for each material and groups of parameters are resumed in 
Table 3. Overall, percentage of exceedances ranged from 
almost 1% (PFOS measurements in Paper and cardboard 
waste) to 8% (“Other PFAS” in Textiles and leather waste). 
With the only exception of plastic waste (characterized by 
exceedances occurring only for PFOS content), the higher 
number of exceedances was observed for the other waste 
categories for the “Other PFAS” groups, with no further 
clear trends among the other parameters investigated.

Indeed, the higher amount of data per category led to 
higher number of exceedances. In particular, the materi-
al category with the highest average percentage of data 
above the limit resulted the textile and leather waste, with 
an average 4,3% of non-compliances, followed paper and 
cardboard waste with an average total of 3,9% of exceed-
ances. Whether these latter material categories were char-
acterized by at least one exceedance for each parameter or 
groups of them (with the exception of PFHxS), plastic and 
metal waste were characterized by values measured above 
the limits for just one parameters category, namely PFOS 
for plastic waste (3,23% of exceedances) and “Other PFAS” 
(11,11%) for metal waste.

4.3	Consideration on the analytical methods
Among the identified papers, a wide range of per-

formed methods could be noted for PFAS analysis in the 
chosen solid matrixes. Thus, no unique approaches could 
be observed for the extraction, purification and quantifi-
cation phases and, unfortunately, not all studies indulged 
in a thorough description of the performed methods. The 
role of extraction and purification is crucial in assessing 
the varying degrees of accuracy of measured PFAS con-
centrations. Different analytical settings could determine 
under-estimated concentrations or false positives in the 
extracts subjected to further quantification step. Also, dif-
ferent waste types could necessitate different approaches 
for the best performance of PFAS quantification.

Parameter Paper And Cardboards Textile And Leather Plastic Metals

PFOA 40.93% 63.37% 79.49% 0.00%

C9-C14 PFASs 71.68% 90.38% 88.51% 0.00%

PFOS 41.83% 60.19% 41.30% 0.00%

PFHxS 90.54% 68.32% 85.71% 0.00%

Other PFASs 76.28% 62.04% 78.06% 22.22%

Parameter Paper And Cardboards Textile And Leather Plastic Metals

PFOA 6.51% 2.97% 0.00% 0.00%

C9-C14 PFASs 5.35% 0.87% 0.00% 0.00%

PFOS 0.65% 7.41% 2.17% 0.00%

PFHxS 5.35% 0.87% 0.00% 0.00%

Other PFASs 6.98% 8.14% 0.00% 11.11%

TABLE 2: Percentage of data recorded under the LOD/LOQ for each considered material category and investigated parameters.

TABLE 3: Percentage of data recorded over the concentration limits of 25 ppb.
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Waste Type Type Of Analysis
n Median 75% 90% 95%

- ppb

Textile PRE TOP 1418 0.61 0.87 4.29 8.65

POST TOP 424 1.95 8.25 10.78 37.91

Plastic PRE TOP 591 0.08 0.11 0.34 0.83

POST TOP 112 1.52 5.47 11.78 23.09

Metal PRE TOP 55 1.21 4.23 10.53 20.34

POST TOP 51 7.71 28.76 59.18 107.66

TABLE 4: Descriptive statistics of PFAAs concentration data measured on test samples undergone TOP Assay (AFTER TOP ASSAY) and 
not (BEFORE TOP ASSAY) of textile and leather waste, plastic waste and metal waste.

Within the manuscripts investigated in this study, di-
verse methodological approaches concerning extraction 
media are presented. While methanol stands as the most 
frequently used, several other media such as ammonium, 
ethyl acetate, acetonitrile, tetrabutyl ammonium hydrogen 
sulfate along with methyl tert-butyl ether, acetone, and eth-
anol, among others, have been utilized. Various extraction 
times have been employed, ranging from under 60 seconds 
to overnight periods, achieved through methods like hand 
or orbital shaking, or vortex mixing. Additionally, a broad 
spectrum of extraction treatments has been applied, in-
cluding sonication (focused ultrasound liquid extraction, 
executed at varying contact times and irradiation power), 
along with specific pressure (i.e., pressurized liquid extrac-
tion) and temperature regimes, ranging from 0°C to 80°C.

Furthermore, the effectiveness of the purification step 
plays a crucial role, as it eliminates compounds that could 
potentially interfere with accurate quantification, thereby 
avoiding false positives. Notably, the inclusion of the sol-
id-phase extraction step is not consistent across all stud-
ies. When included, there are disparities in the materials 
constituting the cartridges, such as weak anion exchange 
resins, silica, fluorisil, alumina, and variations in the solvent 
mixtures used for their functioning.

Centrifugation of extracts is a standard practice, with 
variations in applied rpm values and process durations. 
Similarly, filtration methods encompass diverse filtering 
materials (e.g., pp, polyamide, regenerated cellulose) and 
mesh sizes, spanning from 0.2 µm to 0.45 µm.

While out of the scope of its scopes,this heterogeneity 
could, indeed, represent a limit of the present study, due 
to the possible inconsistencies in the comparison and/or 
underestimation of analytes concentration due to non-ef-
ficient extraction methods (e.g., considering quantifica-
tion on test portions undergone or not to TOP assay in the 
extraction step). However, the considered papers were 
assumed as already validated works, where validation is 
ensured by their peer-reviewed nature and publication in 
indexed scientific journals. However, an additional com-
parison was performed to further investigate this issue, 
between those measurements performed on test portions 
undergone or not to TOP assays, for those waste catego-
ries showing suitable data.

The results of the comparisons between the extracted 
PFAAs concentrations data quantified on material-specific 
test samples undergone and not to TOP assay are sum-
marized in Table 4 and depicted in Figure 12, 13 and 14 for 

textile and leather waste, plastic waste and metal waste, 
respectively. No data on post TOP targeted concentrations 
was available for the paper and cardboard waste category.

As the Figures 12,13 and 14 show, there is a signifi-
cant trend characterizing overall higher concentration of 
the quantified analytes in samples undergone TOP assay. 
This pattern implies a notable increase in the quantified 
concentration values obtained through targeted analysis, 
as a result of TOP assays. This arises from the fact that 
targeted analysis can effectively measure the additional 
quantity of precursors as targeted PFAS, once they under-
go oxidation during TOP, resulting in the formation of the 
analyzed PFAS terminal products. In the case of the metal 
waste, this could contribute to also a significant increase 
in the number of exceedances when concentration data 
are compared with the proposed Regulation limit (Figure 
14).

4.4	Proposing a pragmatic solution for PFAS analy-
sis in solid samples for regulatory purposes

Overall, the relevant knowledge on the impact of PFAS 
in solid waste management is still scarce. According to Eu-
ropean regulations, waste is defined as hazardous if it sat-
isfies at least one of the 15 hazard properties (HP) or con-
tains concentrations of certain (POPs) over specific legal 
thresholds (European Commission, 2014; European Parlia-
ment and European Council, 2019). In this list of chemicals, 
PFAS are not included therefore the hazardous classifica-
tion of waste is currently not directly impacted by the con-
centration of PFAS in the waste. However, the presence of 
PFASs could influence other hazardous properties, such as 
ecotoxicity (HP 14), when assessed by direct testing.

The current regulations governing the disposal and 
recovery of waste containing PFAS are limited to a few 
groups (less than 5% of the total of PFAS) and their im-
plementation and impact in the waste sector are known, 
with one relevant exception. This is due to the “ambiguous” 
definitions of the correlated chemicals to the perfluoroalkyl 
acids (PFAAs) that should be covered by the regulations. 
In fact, the following general terms are reported: derivates 
of perfluorooctane sulfonic acid (PFOS); salts and related 
compounds of perfluorooctanoic acid (PFOA); salts and 
related compounds of perfluohexane sulfonic acids (PF-
HxS). These definitions involve hundreds of compounds 
for which no regulatory lists exist. Furthermore, only a few 
substances can currently be detected analytically inducing 
– de facto – a regulatory void.
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FIGURE 12: Box Plot resuming the differences between the PFAAs concentration data before and after TOP assay performance on textile 
and leather waste test samples. The y axis was trunked at 100 ppb to ease the comparison between the collected data and the proposed 
limit value of 25 ppb (red dashed line). The range of values for each investigated parameter is indicated in Supplementary Materials.

FIGURE 13: Box Plot resuming the concentration data gathered for the category “Plastic waste”. The line within the boxes shows the 
median value, the box denotes the range of 50% of data, whiskers range from the lower to the higher value within 1.5 interquartile ranges 
and asterisks stand for outliers. The y axisBox Plot resuming the differences between the PFAAs concentration data before and after TOP 
assay performance on plastic waste test samples. The y axis was trunked at 100 ppb to ease the comparison between the collected data 
and the proposed limit value of 25 ppb (red dashed line). The range of values for each investigated parameter is indicated in Supplemen-
tary Materials.

FIGURE 14: Box Plot resuming the differences between the PFAAs concentration data before and after TOP assay performance on metal 
waste test samples. The y axis was trunked at 100 ppb to ease the comparison between the collected data and the proposed limit value 
of 25 ppb (red dashed line). The range of values for each investigated parameter is indicated in Supplementary Materials.
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Much more complex is the implication of the current, 
and more importantly, ongoing proposed regulations (see 
BAuA et al, 2023a) concerning limits specifically related to 
substances, matrixes, and article. The complexity is due to 
the connection between the characteristics of the new ma-
terials which should be guaranteed before being placed on 
the market and the criteria upon which the waste should 
respect to be gain the status of EoW. This issue can be an-
alysed by considering three main points: (I) the time inter-
val between the moment of implementation of new provi-
sions on substances and the moment in which these limits 
are also required for the EoW procedure; (II) the analytical 
method to measure the PFAS; (III) the specific values of 
new regulatory limits.

The limits on the use of PFAS will determine a reduc-
tion of PFAS concentration in new articles and products 
only from the moment new regulations will enter into force. 
However, in the waste cycle older products containing high-
er concentrations of PFAS could end their life cycle and be-
come waste. Besides, the use of PFAS in some products is 
still considered “essential” and if there isn’t a good pre-se-
lection before any recovery process, the presence of PFAS 
in waste cycles could endure for a long time. In this con-
text, “tagging” products (chemically or optically through a 
label or code) to identify those with PFAS concentration 
higher than a limit (e.g., 25 mg kg-1) could improve sorting 
before recovery.

These aspects must be carefully evaluated by eventual-
ly introducing express derogations for the EoW or at least 
defer the date for when these limits come into force. This 
would continue to allow the recovery of the waste already 
generated before the new limits become mandatory. An-
other solution to guarantee human safety could be the in-
troduction of limits without any exemption for the waste 
sector (derogations, deferred time, etc.). This could have 
an impact on the recycling market.

Concerning the methodology to measure PFAS in solid 
samples, it should be considered that “PFAS” is a broad, 
general, non-specific term, which does not inform wheth-
er a compound is harmful or not, but only communicates 
that the compounds under this term share the same chem-
ical structure. To this regard, whereas PFOA and PFOS 
have been well characterized in terms of their hazard, lit-
tle to no toxicity information exists for the vast majority of 
PFAS. Evaluating thousands of PFAS using traditional tox-
icity approaches, in turn, would be impractical, costly and 
time-prohibitive, as well as requiring extensive use of ani-
mal testing. Therefore political decision makers must as-
sess whether a transitional period is necessary to establish 
a comprehensive set of technical guidelines regarding the 
appropriate methodologies to analyse the parameters for 
the ‘PFAS Total’ and the ‘Sum of PFAS’. Different aspects 
should be part of the analysis: such as human protection, 
the necessity of avoiding environmental disputes, and the 
aims of the circular economy.

A pragmatic solution could start from the proposal of 
the national authorities of Denmark, Germany, the Nether-
lands, Norway, and Sweden (BAuA et al, 2023), but consid-
ering the acknowledged limitations of the analytical proce-
dures, the solution could include the following steps:

•	 since the definitions of PFAS will likely continue to be 
modified by developing regulations and enhanced re-
search, it is necessary/important to identify an updat-
ed, and operative definition for PFAS that is accepted by 
the scientific community, as the proposal put forward 
by the OECD in 2021;

•	 define a first limit of concentration (screening level) 
for all the PFAS as a definite total to overcome the 
approach followed up until now in REACH, where the 
provisions of restriction and eliminations were limited 
to individual substances or groups of closely related 
substances. Unlike the mentioned proposal (BAuA et al, 
2023), the analytical technique should be “non-target-
ed” as the total organic fluorine (TOF) analysis, since 
it represents a more accurate method compared to the 
total fluorine analysis (TF) suggested in BAuA et al. ( 
2023a);

•	 if the screening level is not respected, a further anal-
ysis should be implemented considering “targeted 
techniques” on the base of a “positive” official list of 
specific chemicals for which the toxicity of the com-
pounds is known or assessed by chemical similarity 
and/or toxicity modelling with state-of-the art tools. 
This list should name harmful substances and could be 
continually updated alongside the progress made from 
new scientific analysis. Furthermore, this list could rep-
resent a solution for the interpretation of general terms 
such as “salts”, “related compounds” and “derivates” of 
perfluoroalkyl acids. It is worth mentioning that when 
a TOP assay is applied, a higher concentration of tar-
geted PFAS should be expected as suggested by the 
systematic critical review.

5.	 CONCLUSIONS
Currently, the relevant knowledge on the impact of 

PFAS in solid waste management, from disposal to recy-
cling, is still scarce. In this context, regulation updates on 
PFAS contents in substances, matrixes and articles could 
influence these latter, e.g. by limiting the circularity of re-
cycled materials and affecting EoW procedures. In this 
context, this review tries to answer to the stringent need to 
discuss the possible consequences of proposed new limits 
for PFAS in products on relevant waste recycling sectors.

In order to achieve this, a systematic analysis of scien-
tific literature was conducted to gather concentration rang-
es of PFAS in waste items across four key material cat-
egories (plastic, paper and cardboard, textile and leather, 
metals). This review encompassed peer-reviewed articles 
and other pertinent documents, aiming to compare the ob-
tained results against the lowest proposed regulatory limit 
for any PFAS in products (i.e., 25 ppb). For each material 
category, very few outliers resulted higher than the con-
sidered limit of 25 ppb. The percentage of exceedances 
ranged from almost 1% (PFOS measurements in paper and 
cardboard waste) to 8% (“Other PFAS” in Textiles and leath-
er waste). The analysis of various papers revealed diverse 
methods for PFAS analysis in solid matrices. Discrepan-
cies in extraction, purification, and quantification methods 
could have impacted accuracy and hindered comparison. 
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Notably, results showed higher analyte concentrations 
in samples where TOP assay was performed prior to the 
quantification step.

Based on a thorough discussion on the specific nature 
of the term “PFAS” as defined in the current regulation and 
the current need for an harmonized analytical strategy to 
quantify the parameter ‘PFAS Total’ and the ‘Sum of PFAS’, 
a pragmatic solution for the waste sector was finally pro-
posed. A stepwise procedure is suggested. First, there is the 
necessity to establish an updated and universally accepted 
definition for PFAS, reflecting changes in regulations and 
scientific advancements. Secondly, it supports setting an 
initial concentration limit (as a screening level) for “Total 
PFAS”. This can involve a more accurate non-targeted ana-
lytical technique, such as total organic fluorine (TOF) anal-
ysis, rather than total fluorine analysis (TF). Finally, if the 
screening level isn’t met, the proposal advocates employ-
ing “targeted techniques” based on a verified list of known 
harmful chemicals, derived from toxicity assessments.

6.	 FURTHER DEVELOPMENT
To better foresee the implication on management prac-

tices of PFAS containing waste, it is suggested to design 
a systematic experimental activity in which representative 
samples of wastes are collected and analysed by means 
of the same standardized methodologies under a uniquely 
defined scope. This could overcome the limits of the data 
made available by the systematic critical review which 
were obtained from the application of a set of different 
methodologies and often with different aims.
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ABSTRACT
The most recent Best Available Techniques (BAT) for waste treatment plants indicate 
odour as environmental pollutants to be monitored and controlled. In Italy, the pre-
scription of permanent installations of electronic noses (or Industrial Odour Monitor-
ing Systems - IOMS) in the environmental permit of waste treatment plants (WTPs) 
is becoming more and more frequent. IOMS are intended to provide a real-time esti-
mation of the odour concentration at the fenceline of the plant. Although this type of 
IOMS application is becoming very common, it is far from being state-of-the-art. In 
this context, this paper describes a research project aimed at the implementation at 
the fenceline of a WTP of an IOMS network, comprising two IOMS and a meteorologi-
cal station. The paper focuses on presenting the experimental procedure involved for 
training IOMS and verifying their performance in the field. 5 olfactometric campaigns 
were carried out at the plant to build IOMS calibration models aimed at WTP odours 
detection, classification, and quantification. Results of field performance testing 
proved, with classification accuracies above 95% achieved by both IOMS, a very good 
capability of properly trained IOMS to recognize WTP odours. Moreover, they pointed 
out a great agreement between the estimations of the odour concentration provided 
by the IOMS and the odour concentration assessed by dynamic olfactometry, thereby 
boosting the research in this field. Finally, the paper reports the results of 1-year mon-
itoring at the WTP with the purpose of evaluating the possibility to define an alarm 
threshold for the odour concentration.

1.	 INTRODUCTION
Odours currently are one of the major causes of cit-

izens’ complaints to local authorities and, in the case of 
activities related to the treatment and disposal of wastes, 
often represent a limiting factor to the operation of plants 
(Capelli et al., 2020). The most recent Best Available Tech-
niques (BAT) conclusions for waste treatment include 
odours among the environmental parameters to be moni-
tored (Pinasseau et al., n.d.). For these reasons, odours are 
subjected to regulations and rules at national and Europe-
an level have been published to regulate the odour impact 
from industrial facilities (Brancher et al., 2017). 

Different approaches have been developed to charac-
terize environmental odours (Bax et al., 2020b). Dynamic 
olfactometry is the reference method for odour quan-
tification at emission sources (standardized by the EN 
13725:2003) and can provide information to be used as in-
put for dispersion modelling to evaluate citizens’ exposure 
to odours. The major limitations related with this approach 
are that this technique is discontinuous, and its inapplica-

bility to ambient air, making it unsuitable for a real-time 
monitoring of odour exposure. An alternative sensorial 
technique that can be used to measure odors in the field is 
represented by field inspection. It allows estimating the de-
gree of annoyance in term of “odour hours” in a determined 
area. However, as dynamic olfactometry, this technique is 
discontinuous and considerably time- and cost-intensive. 
Thus, it is not suitable for the continuous monitoring of 
odours (Bax et al., 2020b). The use of electronic noses 
(or Industrial Odour Monitoring Systems - IOMS), able to 
perform a continuous real-time monitoring of odour emis-
sions, allows overcoming these limitations. Indeed, despite 
the costs and time required for a proper instrument train-
ing, they have proved to be effective for the real-time of 
odour emissions directly at the emission sources or either 
at the nearest sensible receptors (De Vito et al., n.d.; John 
et al., 2021; Oliva et al., 2021; Panzitta et al., 2022; Pruden-
za et al., 2023).

Currently, in Italy, the permanent installation of IOMS 
is sometimes prescribed within the environmental permit 
of waste treatment plants (Cangialosi et al., 2018). Such 
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systems are usually prescribed with the purpose of con-
tinuously monitoring the ambient air at plant fencelines 
to detect, classify and quantify odour emissions from the 
plant. The final goal is, in general, the real-time identifica-
tion of anomalous odour emissions, thus enabling prompt 
interventions aimed at reducing odour events on the neigh-
borhoods. Despite the increasing number of such prescrip-
tions, the use of IOMS for the continuous monitoring of 
odour emissions and the real-time measurement of odour 
concentrations is still far from being state-of-the-art. In this 
context, this paper describes a research project aimed at 
the implementation of an IOMS network at the fenceline 
of waste treatment plant (WTP), producing biomethane 
and high-quality compost, intended to provide a real-time 
estimation of the odour concentration. The IOMS network 
comprises two electronic noses produced and commer-
cialized by Ellona (i.e., WT1 1179 and WT1 1180) and a 
meteorological station. 

The paper focuses on the description of the experi-
mental procedure involved for the IOMS training and data 
processing. Furthermore, it presents the results of one-year 
monitoring at the WTP fenceline with the purpose of eval-
uating the applicability of IOMS for a real-time estimation 
of the odour concentration at the fenceline of a WTP plant 
and the possibility to set an alarm threshold for the odour 
concentration.

2.	 MATERIALS AND METHODS
2.1	Waste treatment plant

The WTP under investigation converts the organic frac-
tion of municipal solid waste (OFMSW, 80’000 ton/y) into 
biomethane (550 Sm3/h) and high-quality compost (36’000 
ton/y). After plastic and sand separation, the OFMSW is 
mixed with water and enters the anaerobic digestion tanks. 
Anaerobic digestion leads to the formation of biogas and 

digestate, which are further sent to upgrading and com-
posting sections to obtain biomethane and high-quality 
compost, respectively. To prevent odour emissions into 
the atmosphere, OFMSW storage and treatments are car-
ried out in closed sheds operated under slight vacuum and 
equipped with ventilators collecting exhaust air to a biofil-
ter unit. Thus, the biofilter unit represents the only odour 
emission source of the plant. However, fugitive emissions 
from storage and treatments sheds cannot be completely 
neglected.

2.2	Monitoring systems
2.2.1	Description

The monitoring system comprises two IOMS (i.e., Ello-
na WT1 1179 and 1180) and a weather station (i.e., Davis 
Instruments, Vantage Pro2) (Figure 1). The two IOMS are 
equipped with 7-sensors each, comprising 4 metal oxide 
sensors (MOS), 2 electrochemical sensors specific for the 
detection of hydrogen sulphide (H2S) and ammonia (NH3) 
and one photoionization detector (PID) calibrated in isobu-
tylene. The instruments also include sensors for monitor-
ing temperature and relative humidity levels. The weather 
station Vantage Pro2 is equipped with Anemometer, Rain 
Collector, Temperature and Humidity Sensors. IOMS and 
meteorological data can be visualized in real-time and 
downloaded through the Ellona web interface.

2.2.2	Monitoring sites
The monitoring sites at the WTP fenceline were defined 

based on the results of a parametric dispersion modelling 
of the odour emissions from the WTP, which allowed corre-
lating the odour condition at the fenceline with the impact 
at closest receptors. The two IOMS were installed at the 
western and eastern corner of the plant along the prevail-
ing wind direction, as illustrated in Figure 2. More in detail, 

FIGURE 1: Monitoring system: a. Ellona outdoor electronic nose and b. Davis Instruments, Vantage Pro2 meteorological station.

a)

b)
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the WT1 1179 was installed in the proximity of WTP anaer-
obic digester and emergency flare, while the WT1 1180 is 
expected to be mainly exposed to diffuse emissions from 
OFMSW storage and treatments sheds.

2.3	Experimental protocol
2.3.1	General outline

The research was structured in six phases: 1) Analysis 
of the process and definition of the monitoring sites at the 
plant fenceline; 2) IOMS training for the implementation of 
specific quantification and classification models to be fur-
ther used for the real-time analysis of the ambient air; 3) 
IOMS performance verification in the field; 4) Monitoring 
phase, during which the IOMS provided real-time estima-
tions of the odour concentration at the monitoring sites; 5) 
Analysis of IOMS outputs relevant to the monitoring phase 
in combination with meteorological conditions; 6) Compari-
son of IOMS monitoring outcomes with odour observations 
made by human “sentinels” during the monitoring phase, 
with the purpose of defining suitable alarm thresholds for 
the real-time detection of odorous conditions potentially 
responsible for odour events in the vicinity of the plant.

Five olfactometric campaigns, distributed among dif-
ferent seasons, were conducted at the plant from Febru-
ary 2022 to October 2022 to train and test the IOMS. They 
involved the collection of odour samples at WTP emis-
sion sources (i.e., buildings dedicated to OFWMS storage, 
pre-treatments, and de-sandblasting, bio-pulpers, digest-
ers, and biofilter), their olfactometric characterization ac-
cording to EN 13725:2022, and their analysis by IOMS. A 
total of 230 samples, whose concentration ranged from 20 
to 800 ouE/m3, were used. These data were split in a Train-
ing Set (TS) and in an independent external test set, for the 
field performance verification, following this criteria: 170 
samples collected in the first four olfactometric campaigns 
were used to build the TS (Table 1), instead, the samples 
analysed in the last campaign conducted on October 2022 
were incorporated in the external validation set (Table 2).

2.3.2	 IOMS training phase 
During training, odourless ambient air, collected at the 

fenceline when no odour could be perceived, were ana-

lysed to define the IOMS baseline. The training set (TS) was 
built combining IOMS sensors signals (i.e., MOS electrical 
resistances and concentrations provided by H2S, NH3 and 
PID sensors) with samples’ class and concentration. Three 
classes were considered: air indicative of the absence of 
odour condition, biogas representative of fugitive leaks 
from digesters, and organic odour relevant to emissions 
from buildings dedicated to OFWMS storage and process-
ing and biofilter. The TS was processed according to the 
procedure illustrated in Figure 3. After an initial pre-treat-
ment aimed at normalizing the data and compensating 
potential interferences, different features (comprising 
electrical resistance ratio, area under the curve, etc…) from 
the sensors’ signal curves were extracted and ranked by 
means of Boruta algorithm (Kursa & Rudnicki, 2010). Se-
lected features were processed by Principal Component 
Analysis (PCA), and PCA scores on the first 3 principal 
components were used as input of a two-step classifica-
tion model. The classification model, based on Support 
Vector Machine (SVM) (Cortes et al., 1995), was trained to 
detect WTP odours and identify their type (i.e., landfill gas 
or organic odour). Finally, a class-specific regression mod-
el, based on Support Vector Regression (SVR) (Smola et 
al., 2004), was used to estimate the odour concentration.

2.3.3	Field performance verification
According to the recently published Italian Stand-

ard on Instrumental Odour Monitoring with IOMS (UNI 
11761:2023), field performance tests were carried out 
after the IOMS training and installation on site. They in-
volved the sampling at emission sources of new samples 
and their analysis by dynamic olfactometry and IOMS. A 
total of 60 samples, defined as in Table 2, with odour con-
centration ranging from ca. 20 to ca. 700 ouE/m3, were 
analysed. 

Such tests aimed at assessing the capability of the 
trained IOMS to estimate the odour class and concen-
tration on external validation. IOMS classification perfor-
mance was expressed in terms of classification accuracy 
and recalls for each class (Bax et al., 2020a). In addition, 
the IOMS odour quantification performance was evalu-
ated by comparing the IOMS prediction with the odour 

FIGURE 2: Illustration of monitoring sites at the WTP fenceline.

Class N° of samples analysed Range Cod [ouE/m3]

Air 26 20 - 50

Biogas 44 25 - 810

Organic odour 100 28 - 690

Class N° of samples analysed Range Cod [ouE/m3]

Air 20 20 - 50

Biogas 17 26 - 720

Organic odour 23 35 - 590

TABLE 1: Number of samples analysed for training each IOMS for 
each class with the respective range of odour concentration.

TABLE 2: Number of samples analysed for the field verification 
by each IOMS for each class with the respective range of odour 
concentration.
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concentration assessed by dynamic olfactometry by 
means of a Bland-Altman model (Bland & Altman, 1999). 
For applying Bland-Altman test (Bland & Altman, 1999), 
which quantifies the agreement of two measurements in 
terms of mean difference (Bias) and Limits of Agreement 
(LoA), the logarithm of the odour concentration was con-
sidered.

2.3.4	Monitoring phase 
The monitoring phase, during which the IOMS per-

formed a continuous characterization of the ambient air, 
lasted about 1 year. IOMS monitoring data (i.e. continuous 
time series) were divided into 5 min timespans to be pro-
cessed according to the procedure illustrated in Figure 3 to 
obtain an estimation of the odour class and concentration 
every 5 min.

IOMS qualitative predictions were then expressed in 
terms of frequency of detection of odours attributable to 
the different classes, with the aim of determining the odour 
impact, defined by the following equation, and the odour 
type most frequently detected at WTP fenceline.

The odour concentration estimates, on the other hand, 
were used to evaluate the temporal trend of the concentra-
tion at the plant fenceline and evaluate the possibility to 
define an alarm threshold. The concentration values ​​at the 
95th and 98th percentiles were also calculated to determine 
the concentration values ​​exceeded for 5% and 2% of the 
monitoring time, respectively.

Finally, a comparative evaluation between IOMS detec-
tions and odour reports by citizens living nearby the plant 
was carried out. Citizens’ odour reports were collected by 

local municipality distributing questionaries to the popu-
lation. For each odour event, the citizens were required to 
indicate the date and time of detection, the intensity (i.e., + 
perceptible odour, ++ strong odour, +++ very strong odour) 
and eventually notes regarding the odour type in the notes. 

Given the significant influence of atmospheric condi-
tions on the dispersion of odorous emissions, the wind 
speed and direction in force at the time of odour detection 
at the receptors were considered, as well.

3.	 RESULTS AND DISCUSSION
3.1	Field performance verification

IOMS predictions relevant to field testing were organ-
ized in confusion matrixes, reported in Table 3. The classi-
fication performance was assessed in terms of recalls and 
accuracy, whose value for both IOMS are summarized in 
Figure 4. Results achieved by both IOMS proved, with clas-
sification accuracies above 95%, their very good capabili-
ty to accurately detect the odour presence and recognize 
the odour class. Based on these results, it is possible to 
state that real-time odour monitoring by adequately trained 
IOMS enables effective identification of the odour sources 
that may generate odour events outside the WTP, and thus 
helps undertaking rapid counteracting interventions.

The quantification performance was assessed by com-
paring the WT1 estimations of the odour concentrations 
performed on field test samples with the results of dynam-
ic olfactometry according to EN 13725:2022, which is the 
reference method for odour quantification. Figure 5 illus-
trates Bland-Altman plots obtained for both IOMS: the x-ax-
is reports the arithmetic mean of the logarithm of the two 
measurements, while the y-axis reports their difference. 

FIGURE 3: Data processing procedure adopted.

 

a.WT1 1179
Reference

b.WT1 1180
Reference

Air Biogas Organic 
odour Air Biogas Organic 

odour

Prediction

Air 20 0 0

Prediction

Air 20 0 0

Biogas 0 10 1 Biogas 0 9 0

Organic 
odour 0 0 19 Organic 

odour 0 1 15

TABLE 3: Confusion matrix for assessing the IOMS classification performance: a. WT1 1179, b. WT1 1180.



C. Ratti et al. / DETRITUS / Volume 26 - 2024 / pages 106-113110

The B&A plots illustrates the field measurements (black 
points), the bias (green dash-dot line), the Upper Limit of 
Agreement (LoA, blue dash-dot line), the Lower LoA (pink 
dash-dot line) and their relative 95% confidence intervals 
(delimited by the corresponding colour dot lines).

The visual inspection of the B&A plots proves a good 
agreement between IOMS and dynamic olfactometry: 
measurements are all comprised between the upper and 
lower LoA for both IOMS tested. 

With the purpose of evaluating the IOMS quantification 
performance, the intermediate precision criterion reported 
in EN 13725:2022 for two consecutive measurements per-
formed by olfactometry was used as reference, even if this 
is not directly defined for IOMS estimations. According to 
the intermediate precision criterion, the factor expressing 
the difference between two consecutive odour concentra-
tion measurements in 95% of cases (i.e., 1.96 * standard 
deviation) should not be larger than 3. In this case, factors 
slight above 3 were obtained for both IOMS (i.e., 3.56 for 
WT1 1179 and 3.74 for WT1 1180), thus proving the ca-
pability of properly trained IOMS to provide accurate esti-
mations of the odour concentration at the WTP fenceline. 
Such results pointed out the potential of IOMS as tools for 
the real-time monitoring of the odour concentration and 
boost further developments in this field.

3.2	Monitoring phase
3.2.1	Processing and interpretation of IOMS outcomes 

During the monitoring phase, the WT1 1179 and WT1 
1180 detected the presence of WTP odours for about 7% 
and 11% of the monitoring period, respectively. Both instru-
ments mostly detected odours attributed to the organic 
odour class. For a deeper analysis of the monitoring data, 
the frequency of odour detection was also calculated for 
each monitoring month. Figure 6 summarizes the odour 
impacts assessed by WT1 1179 and 1180 over the mon-
itoring period, respectively.

Over the monitoring period, a decreasing trend of the 
odour impact assessed by the WT1 1179 was recorded. 
The reduction of odour detections from about 11% down 
to 4% can be explained considering that after the start-up 
of a new plant, it progressively reaches a regime condition.

A similar trend was also registered for the other IOMS, 
i.e., WT1 1180, from February to October 2022. Conversely, 
in the last two months of the monitoring period, an increase 
of the odour detection frequency up to about 21% was re-
corded. The increase in the frequency of odour events at 
fenceline in November and December combined with the 
analysis of the IOMS qualitative predictions allowed iden-
tifying a malfunction in the ventilation system of the OF-
WMS storage buildings, which resulted in increased fugi-
tive odorous emissions impacting on the monitoring site at 
the eastern corner of the plant.

The odour concentrations measured at the WTP fence-
line over the monitoring period were also analysed. Odour 
concentrations ranging from ca. 60 eq_ouE/m3 up to 350 
eq_ouE/m3 were mostly measured by WT1 1179 and up 
to 280 eq_ouE/m3 by WT1 1180. Some spikes up to 1000 
eq_ouE/m3 were recorded by the WT1 1179, installed in the 
proximity of the emergency flare in March and October. 
These anomalous concentrations were associated to the 
stop of the upgrading section of the plant devoted to the 
reefing of the biogas produced by anaerobic digestion.

The analysis of odour concentration trends at the WTP 
fenceline aimed at evaluating the possibility to define an 
alarm threshold for the odour concentration. Such alarm 
threshold should enable the prompt identification of plant 
malfunctions that could result in odour events in the prox-
imity of the WTP. As first approximation, this threshold can 

FIGURE 5: Bland-Altman plots obtained for WT1 1179 (a.) and (b.) WT1 1180 field testing results.

FIGURE 4: Summary of recalls and accuracy achieved by WT1 
1179 and WT1 1180 on field testing.
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be defined in terms of a given percentiles of the odour con-
centration values assessed by the IOMS. Table 4 summa-
rizes the 95th and 98th percentiles obtained on monitoring 
data. It is worthy to highlight that results here presented 
should be considered as preliminary, since the definition 
of a solid threshold for the odour concentration requires 
the analysis of IOMS predictions in combination with the 
meteorological conditions occurring during the monitoring 
phase. Moreover, the reports made by citizens should be 
considered to verify the existence of a correspondence be-
tween the odour nuisance perceived outside the WTP with 
the odour events detected at the plant fenceline. 

3.2.2	Comparison of IOMS outcomes with citizens’ odour 
reports 

With the purpose of further validate IOMS predictions 
relevant to the monitoring period, the IOMS monitoring out-
comes at the fenceline were compared with odour events 
reported by citizens living nearby the plant. 

During the monitoring period, 37 odour events were re-
ported by the citizens involved. In general, the reports of 
odours at the receptors located near the biodigester were 
recorded in the morning between 7 a.m. and 10 a.m. in 
conditions of calm winds or weak winds, which are like to 
worse the odour dispersion into the atmosphere.

Before performing the comparative analysis, citizens’ 
odour reports were purged of odour events occurred under 
incompatible meteorological conditions (wind speed and 
direction not likely to favour the detection of odours from 
the plant at the reporting sites). Thus, 30 out of 37 odour 
events, listed in Table 5, were analysed. For each odour 
event, Table 5 reports the duration of the event indicated 
by citizens, the IOMS outcomes in terms of odour class de-

tected and odour concentration, and a consideration about 
the agreement between IOMS and citizens’ reports. 

In general, the analysis pointed out a good correlation 
between the IOMS predictions at the plant fenceline and 
the odour events reported by citizens outside the plant. In-
deed, only in 3 cases out of 30 odour events, both IOMS did 
not detect any odour in correspondence of odour events 
signalled by citizens. Thus, the odour events could be likely 
associated to external odour sources. Conversely, in most 
of the cases, at least one of the two instruments detected 
at the fenceline the presence of odours attributed to the 
WTP under exam, thereby confirming citizens’ complaints. 
It is worthy to highlight that most of the times the IOMS pro-
vided information about the cause of the odour presence, 
thereby allowing a prompt intervention. As an example, in 
correspondence of odour events numbered from 8 to 12 in 
Table 5, both IOMS reported the highest odour concentra-
tions at the fenceline (i.e., close to 300 eq_ouE/m3), which 
turned out to be a consequence of the malfunction of the 
ventilation system in the building devoted to the storage 
and pre-treatment of wastes. Therefore, properly trained 
IOMS can serve not only as system for controlling odorous 
emissions from WTP plant, but also as useful tools for the 
plant management.

4.	 CONCLUSIONS
The paper describes the realization of an IOMS network 

at the fenceline of a WTP plant for the real-time monitoring 
of its odorous emissions. Results obtained by means of 
validation tests in the field proved the reliability of the IOMS 
outputs, thus pointing out the potential of IOMS as tools 
for the real-time measurement of the odour concentration 
at plant fencelines. Indeed, IOMS predictions turned out 
to be in line with the odour concentration assessed by the 
reference technique for odour quantification, i.e., dynamic 
olfactometry (EN 13725:2022). 

The analysis of the odour concentration trends meas-
ured at the WTP fenceline and the comparison of IOMS out-
comes with meteorological conditions preliminarily proved 
the possibility to define an alarm threshold for the odour 
concentration at the fenceline, whose exceedance could 

FIGURE 6: Odour impact assessed over the monitoring period: a. WT1 1179 and b. WT1 1180.

IOMS 98° percentile [eq_ouE/m3] 95° percentile [eq_ouE/m3]

WT1 1179 201 174

WT1 1180 182 132

TABLE 4: 95th and 98th percentiles obtained on monitoring data 
recorded by WT1 1179 and WT1 1180 from February to December 
2022.
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Citizens’ odour report Odour event duration [min] WT1 1179 outcomes
(type, concentration)

WT1 1180 outcomes
(type, concentration) Agreement

1 60 Organic,
160 eq_ouE/m3

Organic,
120 eq_ouE/m3 Yes

2 40 Organic,
150 eq_ouE/m3

Organic,
190 eq_ouE/m3 Yes

3 180 Organic,
200 eq_ouE/m3

Organic,
110 eq_ouE/m3 Yes

4 60 Air,
30 eq_ouE/m3

Biogas,
60 eq_ouE/m3 Yes

5 120 Air,
30 eq_ouE/m3

Biogas,
80 eq_ouE/m3 Yes

6 70 Organic,
120 eq_ouE/m3

Organic,
120 eq_ouE/m3 Yes

7 120 Organic,
120 eq_ouE/m3

Organic,
120 eq_ouE/m3 Yes

8 90 Organic,
280 eq_ouE/m3

Organic,
280 eq_ouE/m3 Yes

9 50 Organic,
170 eq_ouE/m3

Organic,
230 eq_ouE/m3 Yes

10 30 Organic,
170 eq_ouE/m3

Organic,
230 eq_ouE/m3 Yes

11 15 Organic,
180 eq_ouE/m3

Organic,
220 eq_ouE/m3

Yes

12 240 Organic,
180 eq_ouE/m3

Organic,
220 eq_ouE/m3

Yes

13 45 Air,
50 eq_ouE/m3

Organic,
110 eq_ouE/m3 Yes

14 30 Organic,
180 eq_ouE/m3

Organic,
100 eq_ouE/m3 Yes

15 20 Air,
30 eq_ouE/m3

Air,
20 eq_ouE/m3 No

16 140 Air,
30 eq_ouE/m3

Air,
20 eq_ouE/m3 No

17 90 Organic,
190 eq_ouE/m3

Organic,
110 eq_ouE/m3 Yes

18 15 Organic,
190 eq_ouE/m3

Organic,
110 eq_ouE/m3 Yes

19 20 Organic,
200 eq_ouE/m3

Organic,
120 eq_ouE/m3 Yes

20 120 Organic,
150 eq_ouE/m3

Organic,
90 eq_ouE/m3 Yes

21 60 Organic,
150 eq_ouE/m3

Organic,
90 eq_ouE/m3 Yes

22 120 Organic,
200 eq_ouE/m3

Biogas,
100 eq_ouE/m3 Yes

23 90 Organic,
210 eq_ouE/m3

Biogas,
30 eq_ouE/m3 Yes

24 120 Organic,
180 eq_ouE/m3

Air,
20 eq_ouE/m3 Yes

25 100 Organic,
150 eq_ouE/m3

Air,
20 eq_ouE/m3 Yes

26 80 Organic,
150 eq_ouE/m3

Air,
20 eq_ouE/m3 Yes

27 30 Organic,
150 eq_ouE/m3

Air,
20 eq_ouE/m3 Yes

28 150 Organic,
200 eq_ouE/m3

Air,
30 eq_ouE/m3 Yes

29 15 Air,
30 eq_ouE/m3

Air,
20 eq_ouE/m3 No

30 90 Organic,
200 eq_ouE/m3

Air,
30 eq_ouE/m3 Yes

TABLE 5: Summary of odour events reported by citizens during the monitoring phase.
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be related to the occurrence of odour events outside the 
plant that may generate an odour nuisance problem. How-
ever, the definition of a robust and representative threshold 
(which may not necessarily be a fixed value but may vary 
with meteorological conditions to account for atmospheric 
dispersion) requires deeper investigations. Future develop-
ments of the project should also evaluate the stability over 
time of the monitoring network and consider the imple-
mentation of specific drift compensation models.
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ABSTRACT
UNICATA is a university for and with waste pickers based on Paulo Freire’s popular 
education pedagogy, knowledge democracy and the practice of peer learning. The 
aim is to create a learning space of excellence where one can dream, dare, inno-
vate, and be inspired by transformative ideas and achievements. This university will 
increase access to knowledge and expand the possibilities for reflection, for a pop-
ulation that suffers from social exclusion and high vulnerability. Worldwide waste 
pickers are major protagonists in collecting, separating, and redirecting recyclable 
materials into the circular economy. Research demonstrates that waste pickers are 
central figures in educating households on waste separation practices, adding value 
to recovered materials, building community by integrating socially excluded individ-
uals into their collective workspaces, indirectly also mitigating environmental and 
climate impacts. While these positive effects of inclusive recycling are increasingly 
recognized in the academic literature, unfair remuneration, stigmatization, and risk-
prone or unhealthy working conditions are still the prevailing realities. This paper 
discusses reflections on recent experiences of implementing UNICATA in the met-
ropolitan region of São Paulo, Brazil, in 2023, with a pilot project developing and de-
livering the introductory module which was successfully completed by 22 students. 
The research takes a social constructivist lens to uncover the colonial social and 
political injustices through experiential and student-centered education. Our results 
reveal some noticeable assets and barriers in creating inclusive education for a large 
population that is widely neglected, in many different geographic contexts, thus also 
filling a gap towards achieving the Sustainable Development Goals (SDGs).

1.	 INTRODUCTION
Waste pickers are independent or organized workers 

who reclaim and divert recyclable materials for a circular 
economy (Gutberlet and Carenzo, 2020; Carenzo, 2020; 
Dias, 2016). Worldwide waste pickers comprise about 2 
percent of the urban population (Gutberlet, Carenzo, Kain 
and Mantovani Martiniano de Azevedo, 2017). While they 
fulfill a needed service and play an important role in the re-
covery of materials that are considered waste, they persis-
tently are stigmatized and marginalized (Bulla, Rendon and 
Trenc, 2021; Rutkowski and Rutkowski, 2015). Moreover, 
there exists a large diversity in working conditions among 
waste picker organizations (WPOs). High member turnover 
rates coupled with lacking skills and technical capacity and 
many other bottlenecks and difficulties often create unpro-
ductive workspaces. Additionally, the majority of the WPO 
members lack knowledge around solid waste legislation 
and public policy; consequently, they are excluded from 

municipal debates and policy discussions regarding solid 
waste management.

To overcome the predicament of social and econom-
ic exclusion, to improve environmental quality and to 
progress the Sustainable Development Goals (SDGs), ap-
propriate education for this disadvantaged population is 
strategic and essential (Kopnina, 2020). 

Despite the prevailing precarious working conditions 
referred to above, many WPOs have been successful in 
managing their operations, creating a better work envi-
ronment and in establishing contracts with governments 
and the industry. While being central figures in educating 
households on waste separation practices, they also add 
value to recovered materials, build community by integrat-
ing socially excluded individuals into their collective work-
spaces, and indirectly they also mitigate environmental 
and climate impacts. Such achievements and knowledge 
will be harnessed, mobilised, shared and expanded with 
the university for and with waste pickers (UNICATA). 
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The proposed creation of UNICATA aims at expanding 
the access to knowledge and generating possibilities for 
engagement, goals that have the potential to make sig-
nificant transformative impacts in society. Lavagnolo and 
Grossule (2018), underline the benefit of actively involving 
waste pickers for outreach to increase awareness among 
the population and public administrators to promote the 
implementation of a sus¬tainable waste management sys-
tem.

UNICATA, as a collaborative project, represents a part-
nership between academics and practitioners, which con-
stitute autonomous waste pickers, waste picker collectives 
and the national waste pickers movement in Brazil. These 
key partners will collaboratively implement a customised 
educational program catered to serve waste pickers and 
their needs. For transformative change to take place, UNI-
CATA applies a bottom-up approach grounded in theories 
as articulated by Paulo Freire (2018), Michel Thiollent 
(2011), Orlando Fals-Borda (1987), among others. From 
the student perspective, the concept of UNICATA invests in 
building critical self-consciousness and social awareness 
that can lead to actions against discrimination and op-
pression, building a more just and sustainable society. As, 
both educators and students, waste pickers will become 
the agents of change. Experienced waste pickers are a fun-
damental element in the teaching and effective dissemina-
tion of knowledge.

UNICATA is focused on co-generating knowledge using 
participatory and human centred approaches and design, 
based on collective ways in defining the key gaps in ed-
ucation and training, ideating, and creating courses that 
respond to challenges, receiving input and feedback on 
course offerings, refining materials, and the delivery to 
better respond to the needs. The human centred design 
approach allows for the learner-experience to influence 
the development of each teaching module, and addresses 
change by thinking holistically about the social, economic, 
and environmental aspects regarding the work and work-
spaces of waste pickers and their livelihoods. 

The course content for the pilot project includes the 
themes: historical and political approach to recycling and 
waste picking, role, and impact of key actors in the solid 
waste sector, waste management policy, Circular Economy 
and Reverse Logistics; effective communication and con-
flict resolution among other topics. 

Waste pickers are the educators, coupled with academ-
ics or other experts and they help convey and create knowl-
edge, using appropriate language and context.

The theory of change for this project is centred around 
the notion that tailored education will lead to higher in-
comes and better quality of life for waste pickers; im-
proved interpersonal relations among the workers as well 
as greater gender equity; improved recovery of materials 
and better waste management; and more inclusive cities 
through greater collaboration between municipal authori-
ties and WPOs. The development of an educational space 
for waste pickers (organized or autonomous) with themat-
ic content based on local realities and necessities is critical 
to transforming the lives of waste pickers and their oppor-
tunities. These teaching methods are strongly focused on 

local contexts where students work and live, considering 
place specific aspects, to also stimulate interests on more 
general and interrelated subjects and to allow for knowl-
edge sharing on these specific situations. This might help 
students to learn from different contexts, increasing the 
comprehension of more abstract or theoretical concepts 
and frameworks. Finally, this approach includes attention 
to issues of class, race, and gender diversity throughout 
the knowledge co-production process, particularly given 
that in countries such as Brazil the conditions of these so-
cial inequalities are widespread and deeply rooted in the 
colonial past throughout the territory.

The next section 2 describes our theoretical framework 
based on popular education and knowledge democracy. 
We discuss how UNICATA takes a decolonial approach 
to education (Zavala, 2016), using a social constructivist 
lens (Gerberry, 2023), which when applied to the context of 
waste management acknowledges the role of all actors in 
the waste value chain. In this approach the researcher takes 
an active role in constructing knowledge and investigating 
diverse points of view. This implies the active involvement 
of all participants; and learning takes place through inter-
action and the cognitive co-construction and co-production 
of knowledge (MacLeod, Burm & Mann, 2022). In section 3 
we present the research and community outreach method-
ology which led to the creation of UNICATA. In section 4, 
first results of the pilot project are discussed, specifical-
ly hearing the voices of the participants. Finally, section 5 
draws some first conclusions based on the interpretation 
of the results through the conceptual framework presented 
earlier.

2.	 MATERIALS: THEORETICAL FRAMEWORK
2.1	Popular education theory

Education is a multifaceted field, made up of different 
currents and conceptions that have moulded diverse edu-
cational practices. When considering waste pickers as a 
group of marginalised workers in situations of socio-envi-
ronmental vulnerability, it is important to think about edu-
cation strategies that are aligned with the context of these 
people’s lives. For Piaget (1973), knowledge is understood 
as an activity that is constructive incessantly, learning 
takes place through the individual’s interaction with their 
environment, as they organise their experiences. On the 
other hand, Vygotsky (1978) emphasises the importance 
of social interaction in learning, arguing that cognitive 
development is mediated by cultural tools and practices. 
These perspectives have influenced education, promoting 
student-centred and experience-based approaches that 
make sense in waste pickers’ education.

Constructivism is an epistemology theory that un-
derlines that learning is the process of constructing new 
knowledge on the foundations of existing knowledge and 
that knowledge construction is facilitated through interac-
tion with the environment, with reality. Kolb (1984) for ex-
ample describes learning and knowledge construction as a 
learning cycle which has four phases: concrete experience, 
reflective observation, abstract conceptualization, and 
active experimentation. Kolb’s experiential learning cycle 
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allows apprehension, comprehension, intention, and exten-
sion (Yardley, Teunissen and Dornan, 2012). 

Learning tied into experience builds critical thinking 
skills, by applying theory and academic content to real-world 
experiences, and local and traditional or indigenous knowl-
edge within the classroom, the community, or the workplace. 
This could entail applied research projects, case studies, 
field visits, community/industry research projects, practica 
or placements, among other options widely described at 
many university websites (see for ex.: Carlton University, TLS 
Teaching Resources).

By applying an epistemology of inclusion, a constructiv-
ist lens strives to uncover historical realities. The legacy of 
modernity, capitalism, and colonialism, which created our 
current systems of dominance, exclusion and even erasure 
have shaped everyday lives. Historical realities marked by 
disparity, inequality, racism, and stigmatization are ques-
tioned and critiqued by an epistemology of inclusion, and 
action-oriented and participatory research and communi-
ty engagement approaches are applied to understand the 
connections to contemporary capitalism (Pascale, 2018). 
Constructivism is not a method, but a conception of knowl-
edge. From this perspective, it can be understood that 
there are some similar principles between constructivism 
and popular education, for example, the dialectical per-
spectives and the understanding that people are producers 
of culture and subjects who produce knowledge.

Popular Education is a pedagogical and political move-
ment and a theory with Latin American roots that under-
stands knowledge based on reality and that uses participa-
tory methodologies to stimulate people’s empowerment on 
a political basis for social transformation. The perspective 
of popular education seeks to contribute to a fairer socie-
ty in defence of human rights, identities, and the environ-
ment. Popular education is a pedagogical approach that 
stands out for its emphasis on the active participation of 
the community in the educational process (Feitosa, 1999). 
This approach has been used widely, from adult literacy 
programmes to political training (Feitosa, 1999). The prin-
ciples of popular education are: (a) horizontality, which 
emphasises equality between educators and learners, 
promoting the exchange of experiences and knowledge; 
(b) active participation, which involves the active engage-
ment of participants in defining the themes and methods 
of learning; (c) contextualisation, which considers the im-
portance of relating the content to the local reality and the 
issues faced by the community and; (d) dialogicity, which 
encourages critical dialogue and collective reflection as 
means of constructing knowledge (Feitosa, 1999).

Paulo Freire (2018) was one of the main authors to 
contribute to popular education. His work “Pedagogy of the 
Oppressed” outlines an educational approach centred on 
critical awareness and the emancipation of marginalised 
sections of society. Popular education is characterised by 
participatory pedagogical approaches, based on promot-
ing reflective dialogues and valuing the lived experiences 
of learners. It also seeks to use teaching materials and 
practical activities that are related to local contexts. Fur-
thermore, it provides democratic learning spaces in which 
participants are encouraged to question power structures 

and develop a critical awareness of their social reality 
(Freire, 2018).

On the other hand, the work “Pedagogy of Autonomy”, 
also by Freire (2022), complements this perspective by 
emphasising the importance of students’ autonomy and 
responsibility for their own learning. It promotes the idea 
that students should be active subjects in the construction 
of knowledge, encouraging creativity and active partici-
pation in the transformation of reality. Popular education 
therefore plays a fundamental role in promoting citizen-
ship. The importance of Popular Education, influenced by 
Freire’s principles, lies in its ability to empower individuals 
and communities to become agents of change. Freire’s 
(2018) proposal breaks with the idea of compensatory and 
“banking” education generally offered by mainstream and 
conventional education. Freire (2018) believes in a critical 
education that should not represent a transmission of con-
tent, but a political act aimed at overcoming the contradic-
tions and inequalities that determine society.

2.2	A decolonial approach to knowledge democracy
In the vein of grassroots learning, various discussions 

about education and power have emerged. One of these 
discussions concerns knowledge democracy, a concept 
that refers to the equitable distribution of access, produc-
tion, and use of knowledge in a society (Nowotny et al., 
2001). It assumes that knowledge should not be monop-
olised by academic or institutional elites but shared and 
shaped collaboratively by various social actors (Jasanoff, 
2003). It argues that broad and inclusive participation in 
the production and dissemination of knowledge is essen-
tial for sustainable development and social justice (Nowot-
ny et al., 2001). Knowledge democracy requires education, 
science and communication systems that empower ordi-
nary citizens to participate effectively in the decision-mak-
ing process, contributing to the construction of a more 
informed and democratic society (Stirling, 2008). In this 
context, the democratisation of knowledge emerges as 
a critical tool for tackling global challenges, promoting a 
more equitable distribution of intellectual resources, and 
fostering the inclusion of diverse perspectives in the crea-
tion and application of knowledge.

Another perspective applied to education and knowl-
edge creation is decolonisation. Quijano (2000), in his influ-
ential theory of the “coloniality of power”, has played a key 
role in critically examining the power structures and colo-
nial legacy that persist in contemporary Latin American so-
cieties. Quijano (2000) argues that European colonisation 
has not only shaped political and economic relations in Lat-
in America but has also resulted in profoundly structured 
forms of knowledge, identity and subjectivity. His analy-
sis identifies coloniality as a matrix of global domination 
that encompasses not only direct colonial rule, but also 
the social and epistemic structures that emerged from it. 
Quijano’s (2000) proposal is that decolonisation cannot be 
achieved through political or economic changes alone but 
requires a profound transformation in the forms of domi-
nant knowledge and subjectivity that sustain colonial hier-
archies. This approach requires a commitment to valuing 
and revitalising local and subaltern knowledge and entails 
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a profound critique of the categories of knowledge that un-
derpin hegemonic Western thought (Mignolo, 2011).

The decolonisation of knowledge and power transcends 
the borders of former colonies and extends to global ac-
ademic and institutional spaces. This involves a profound 
critique of hegemonic knowledge structures and the power 
relations that shape research, teaching and the dissemi-
nation of knowledge (Mignolo, 2009). Decolonisation is 
not just a symbolic issue, but requires concrete actions, 
such as restructuring academic curricula to include sub-
altern perspectives, supporting indigenous research and 
reconfiguring academic hierarchies (Tuhiwai Smith, 2012). 
The decolonisation of knowledge and power represents a 
movement of intellectual resistance that seeks to challenge 
the entrenched colonial structures that continue to shape 
the contemporary world. The decolonisation of knowledge 
and power demands a critical reflection on global institu-
tions, such as international aid systems, and seeks to cre-
ate spaces for the equitable participation of voices from the 
Global South in global decision-making (Grosfoguel, 2007).

It can be said that popular education is a critical dagogy 
that contributes to both the democracy of knowledge and 
decolonisation. Through emancipatory practices, popular 
education contributes to knowledge democracy by chal-
lenging the traditional hierarchies of power in education. 
In addition, popular education broadens access to know- 
ledge and promotes the inclusion of historically marginal-
ised groups through participatory approaches. This adds 
to the diversification of knowledge and strengthens the 
capacity of communities to influence the decisions that 
affect their lives. Popular education therefore plays a vi-
tal role in promoting knowledge democracy, as it makes 
knowledge more accessible, participatory, and relevant to 
a wide range of social actors (who often have been exclud-
ed in conventional education programs). Similarly, popular 
education contributes through empowering marginalised 
communities to understand and resist the forms of epis-
temic and structural domination inherent in the coloniality 
of knowledge and power, by questioning and discussing 
these relationships in the everyday lives of the community 
of learners. Grassroots education creates a space in which 
people can challenge dominant narratives and forge alter-
natives that are rooted in their own experiences and knowl-
edge (Hooks, 2013). Popular education thus becomes an 
important tool in the decolonisation of educational thought 
and practice.

Considering that UNICATA aims to be a learning and 
training centre for waste pickers, both as students and as 
educators, popular education is in line with the principles of 
social transformation. For this reason, Paulo Freire’s popu-
lar education underpins the institution’s educational prac-
tices. However, UNICATA also intends to carry out research 
with waste pickers and train them to become researchers 
themselves. In this sense, participatory action research is 
another perspective that complements popular education 
in UNICATA’s theoretical framework.

2.3	Participatory action-oriented research
Participatory Action Research (PAR) is a social re-

search method that is widely recognised for understanding 

that research should not be a purely observational exercise, 
but rather an intervention tool that enables participants to 
understand and transform their own realities (Thiollent, 
2011). PAR is based on a series of fundamental principles, 
including the collaborative and participatory nature of the 
process, in which researchers and community members 
work closely together to define problems, collect data, an-
alyse results, and implement actions (Thiollent, 2011). In 
addition, PAR emphasises critical reflection as a central 
element, promoting the constant analysis of practices and 
the search for more effective and fair alternatives (Thiol-
lent, 2011). It also calls attention to social transformation, 
where the results of research are not limited to the gener-
ation of knowledge but aim to bring about real change in 
social conditions and relations (Thiollent, 2011). These col-
laborative, reflexive and action-orientated principles make 
PAR a powerful approach for tackling complex issues and 
promoting the improvement of practices and conditions in 
diverse contexts.

PAR, developed by Orlando Fals-Borda, a Latin Amer-
ican pioneer in action research, proposed research that 
was sensitive to the local and cultural context, recognis-
ing people’s knowledge and experiences as valuable re-
sources for understanding and solving social problems 
(Fals-Borda, 2001). In addition, Fals-Borda emphasised 
the political dimension of action research, considering it 
a tool for challenging unjust power structures (Fals-Bor-
da, 2001). Another central principle for the author is close 
collaboration between researchers and community mem-
bers, promoting the co-creation of knowledge (Fals-Bor-
da, 2001). These principles of collaboration, cultural con-
textualisation and political engagement are essential to 
Fals-Borda’s PAR and contribute to its ability to promote 
meaningful and emancipatory change in communities. 
These notions also become the guiding principles in the 
proposed research activities integrated in UNICATA’s cur-
riculum and into the classroom.

In this way, the relationship between popular education 
and participatory action research is intrinsically linked to 
the search for active participation, awareness, and social 
transformation. Both approaches recognise the impor-
tance of valuing local knowledge and experiences. This 
synergy between popular education and action research 
creates for UNICATA a space where learning and research 
are seen as tools for social change and the promotion of 
justice, uniting theory, and practice in favour of the emanci-
pation of waste pickers.

3.	 RESEARCH AND COMMUNITY OUTREACH 
METHODOLOGY
3.1	Background to UNICATA

UNICATA is a collaborative project, a partnership be-
tween researchers, academics, and professionals, in-
cluding autonomous and organized waste pickers, the 
national waste pickers movement, non-governmental or-
ganizations, research centers and more. It is the result of 
long-term participatory research partnerships between 
waste picker cooperatives in São Paulo and researchers 
from the University of Victoria in Canada (UVic), from the 
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Federal University of ABC (UFABC) and from the University 
of São Paulo (USP). Since 2005, most of these partners 
have been involved in several initiatives, notably the Par-
ticipatory Sustainable Waste Management project (also 
known as the Brazil-Canada project), the Waste Govern-
ance Mapping project and the Recycling Network project. 
These initiatives have allowed for long term co-creation of 
knowledge and expertise related to inclusive waste man-
agement. Some of these key actors are today the main 
drivers for UNICATA.

The governing bodies of UNICATA are the (1) Executive 
Council (EC), (2) the Management Council (MC) and the (3) 
Advisory Council (AC) (Figure 1). The activities of UNICATA 
are carried out under the direction of the Executive Council. 
The Management Council meets on a regular basis with 
the goal of establishing guidelines, policies and discussing 
significant projects and developments to advance UNICA-
TA. The Advisory Council, which meets once a year, pro-
vides feedback and suggestions as well as offers improve-
ments to UNICATA. Another classroom has been set up in 
Brasília, in August 2023 and additional classrooms will be 
established in other regions in Brazil. In the future, train-
ing could be made available also to waste pickers in other 
parts of the world.

3.2	Research and community outreach
The concrete initial steps to create UNICATA began 

with a rapid needs assessment followed by a participatory 
evaluation of the research results. From January to March 
2022, we applied a detailed survey to 12 waste picker co-
operatives in the metropolitan region of São Paulo, Brazil, 
representing 699 members. Our questions focused on four 
sections: (1) socio-demographic aspects of the partici-
pants, (2) educational experiences, (3) imaginary allowing 
to build a common language and vision for this universi-
ty, and (4) practical and logistical aspects. In addition, we 
directed questions related to the overall situation of their 
organizations to cooperative leaders. The in-depth conver-
sations with interviewees provided further evidence about 
the aspirations, ideas and challenges related to building 

an educational space directed towards the specific liveli-
hood and work contexts of waste pickers. The data was 
analysed thematically and presented during a one-day long 
workshop, in April 2022, with waste picker leaders, to inter-
pret the results collectively. 

Social media and popular communication, using voice 
clips disseminated through WhatsApp, data visualisations 
and in-person meetings translating the academic results 
into accessible language, have played an important role in 
knowledge dissemination. The research has allowed us to 
develop a first draft curriculum consisting of 6 modules for 
the planned course, with 56 hours of classes per module 
and regular field visits. The modules of the first course are: 

1. 	 Introduction to the course
2. 	 History, political education, and the waste picker as a 

social subject
3. 	 Administration and cooperative management
4. 	 Regulatory and legislative aspects
5. 	 Sustainability and health at work
6. 	 Research praxis focused on waste management con-

texts

While there are research-related activities in each of the 
first five modules, students will conduct in-depth research 
guided by the support of their mentors, during the sixth 
module. Community-based, participatory research meth-
odology will be used as a major research paradigm. Coop-
eratives, governance, public policy, specifically Brazil’s na-
tional solid waste legislation, circular economy and reverse 
logistics, solid waste and climate change, financial admin-
istration and accounting, environmental management, oc-
cupational health, human relations, and conflict resolution 
are some of the study areas that are covered in this course. 
These contents of the modules have been defined collabo-
ratively with representatives of the waste pickers, based on 
key themes identified during the research. The introductory 
module (Figure 2) is a summary of the content that will be 
covered throughout the course. Therefore, the classes are 
organized into themes that represent the course modules 
and all classes are connected to each other.

FIGURE 1: Proposed project governance structure.
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3.3	Educational and pedagogic premisses
Before starting the first module, we invited all teach-

ers (academics and waste pickers) to participate in a 
two-day workshop with the aim of sharing the pedagogi-
cal approach, the teaching methodology and philosophy, 
to collectively build a common basis of these important 
pedagogical dimensions. We emphasize the need for con-
textualization based on the concrete living conditions of 
the students and the adaptation to the specific situations 
encountered in each classroom. Between April and August 
2023, the first module was delivered as a pilot project, with 
22 waste pickers successfully finalizing module 1. This 
teaching modules can be adapted to different regional con-
texts and necessities.

An essential part of this proposal is that the project 
prepared by the teacher must also be a student project. 
To do this, right from the start, the teacher must look for 
what type of action would be interesting for that group of 
participants, and then develop their teaching plan, so that 
it becomes everyone’s project. Therefore, when planning a 
series of classes to work on a topic, what we will look for, 
first of all, is the mobilization factor, which will give the op-
portunity to link the learning of that topic to activities that 
allow the participant to: (a) replicate activities learned in 
the classroom and apply to their own life and work, (b) un-
derstand whether they have learned something or not, (c) 
verify the need to know more about a certain subject. The 
mobilization factor of a didactic project therefore must be 
accessible and easy to understand. To be truly motivating 
learning must be practical, useful, concrete, tangible; or 
prompting, challenging, or even artistically stimulating. In 
a didactic project, the objective of the educator is to teach 
the contents, but the objective of the students is to achieve 
something that is meaningful to them. 

This practice will allow certain skills to be developed 
by the students, which include communication, listening, 

organization and systematization of ideas, expression of 
thoughts in a synthetic way, active search for information 
and analysis of content and critical analysis.

4.	 RESULTS AND DISCUSSION
This completion of the pilot project for UNICATA provid-

ed first insight into the hurdles and requirements for setting 
up an educational space for vulnerable and socially exclud-
ed individuals, based on the premises of popular education 
and knowledge democracy. The implementation of this 
project presupposes a deep knowledge by the educators 
involved about the pedagogic, didactic, and methodologi-
cal theoretical and practical foundations that foster the de-
sired teaching practise and learning goals. We experienced 
the fact that it is not enough to understand the theory and 
concepts that support the desired educational approach, 
without bringing the praxis in experiential adult education 
and student-centered learning. 

It proofed to be a necessary step to engage all educa-
tors in a workshop prior to teaching, to secure a democrat-
ic, inclusive, and participatory approach in teaching. The 
workshop also helped to transmit and discuss templates 
and examples that can help in the planning of activities 
and expected learning outcomes for each class. Meeting 
all educators before beginning the teaching of the mo- 
dule further had the benefit of building a common ground, 
connecting the teachers, and developing online means of 
communication to exchange experiences and transfer in-
formation.

The largest constraint in this process was the fact that 
there was not enough time to deepen the conversations, 
teasing out the real crucial issues, relevant to the teach-
ing-learning process. Consequently, other preparatory 
workshops, the approach and thematic focus and planned 
activities for the workshop will be refined as the learning 
spiral will build on previous experiences.

FIGURE 2: Thematic content of the classes in module 1, representing the other 4 thematic modules.
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Teaching in pairs and peer learning was a crucial step 
in the course delivery. For each class at least one academic 
and one waste picker were responsible for the preparation 
of teaching materials, based on the course content require-
ments defined collectively during previous workshops in-
volving waste pickers and academics.

Teaching in pairs fosters reciprocity between those 
that bring practical work and life experience build over time 
and those that have accumulated theoretical knowledge. 
It means that everyone involved acts as both teacher and 
learner. This process permits greater cultural understand-
ing and ethical development. It also builds deeper partner-
ships and more impactful learning outcomes. The students 
in the classroom will further benefit from greater diversity 
and, given that a waste pickers have been part in defining 
the course materials, there is greater likelihood that the 
content will be more relevant to their own experiences.

Over the 14 classes the students were exposed to the 
four phases of the learning cycle, as described by Kolb 
(1984), where students are exposed to “concrete experi-
ence, reflective observation, abstract conceptualization, 
and active experimentation”, by engaging in a group re-
search project elaborated throughout the module, taking 
part in a field trip visiting a successful waste governance 
project and by being exposed to new concepts and theory 
in classroom presentations and discussions.

At the end of the course a general evaluation form was 
applied to students to help ensure the success of the next 
module as a learning and community building experience. 
Sixteen waste pickers answered the evaluation form with 
multiple choice and descriptive questions. The results 
highlight that all participants rated the course positively, 
giving it scores of 4 and 5 on a scale of 0 to 5. All sixteen 
respondents would recommend the course to other people; 
believe that the course has had an impact on their lives; 
believe that the course has met their expectations; believe 
that the course has helped them in their daily lives; believe 
that it has improved their ability to find and analyse infor-
mation; and that the course has helped them learn more 
about public policy, governance, and environmental issues. 
Only one person did not think that their understanding of 
waste picking and recycling had changed and only one per-
son did not think the course had helped them learn more 
about occupational health.

In the open-ended answers, the waste pickers elaborat-
ed further about their learning perspectives. Monica men-
tions:

“What I thought of today’s lesson, what had an impact 
on me, was the research that Luzia (another waste picker) 
brought to us about waste, where it all starts, what happens 
to it until it reaches us. I think that was very important for us 
because we don’t know, at least I didn’t know, right? And the 
other thing was when Dudu (National Waste Pickers move-
ment (MNCR) leader) brought up the history [of the MNCR] 
and I had kind of gotten the history wrong in my head”.

Pedro an autonomous waste picker shares his experi-
ence with the following words:

“I really enjoyed being part of this pilot project, … we go 
ahead, to leave a legacy for other people in situations that 

I found myself in and to have this study, to learn more, be-
cause we learnt things by force and now it is working out. 
The university of waste pickers is a reality that will last for-
ever”.

Luzia Honorato, a long-term leader among waste pick-
ers comments on the 7th class which was on public poli-
cies:

“The importance of public policies in our field, the na-
tional movement of waste pickers, we all look forward to 
the construction of infrastructure and training. Public policy 
gives us a different kind of relationship with the government 
because a lens towards social inclusion is an approach that 
generates work and income, and it is immediate, it is neces-
sary. So, today’s lecture was brilliant because it brought us a 
huge range of knowledge on how to build this multi-handed 
project”.

Dona Olinda had some specific comments about class 
10 on governance:

“I thought this class evidenced the mission of UNICATA, 
to unite waste pickers and show that it is moving with waste 
pickers, the learning and teaching of waste pickers as well”.

Maria Aparecida also commented on class 10 on gov-
ernance:

 “I’m also very grateful, firstly for being here. That one day 
I could be here speaking at the university for waste pickers, 
who until then had no value. I’m very grateful, and every day 
I learn and discover things that I didn’t know yet and I take 
them [the learnings] into my daily life to empower myself”. 

UNICATA has the potential for creating social inclusion, 
increased socially just work relations with government and 
industry, preparing waste pickers for negotiations with gov-
ernment or industry, defending their rights and confronting 
injustices and unfair conditions or policies. The encoun-
ters in the classroom and during field visits empowers the 
waste pickers and creates opportunities to potentially am-
plify the voices of waste pickers as essential environmen-
tal and public service providers.

UNICATA has generated moments of critical self-reflec-
tion about stigma and marginalization. According to the 
autonomous waste picker Nanci Darcolete: “waste pick-
ing is the last decent job a person seeks before going into 
crime to survive. So, waste picking needs to be strength-
ened and supported by the government, because waste 
pickers are looking for opportunities and UNICATA can be 
this opportunity”.

Some testimony speaks to the self-valuation because 
of the reflections during the classes. Mônica for example 
posits: “My degree came from the street and my doctorate 
from waste picking” and Pedro recognizes: “My father told 
me to go and study or I’d go and collect cans and today at 
the waste pickers’ university I study to collect cans”. These 
last two testimonies speak to a level of self-awareness and 
empowerment that can be achieved by waste pickers who 
have obviously also experienced deep stigma and exclu-
sion from society, recognizing their value and contribution 
to society at the same time as a critique to the social and 
economic prevailing norms.
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5.	 CONCLUSIONS
The experience of implementing the first module of the 

course titled “Solid waste, management, and governance 
with the inclusion of waste pickers for a sustainable and 
fair society” under UNICATA provides insights on a radi-
cally different model of grassroots education, delivered by 
waste pickers and academics working in pairs, linking pop-
ular ways of knowing with academic knowledge.

For the implementation of a decolonial course content 
and delivery it is a pre-requisite to recognize the existence 
of deep socio-economic gaps and disparities within socie-
ty, colonial power structures that transect race, gender, and 
ethnicity, diminishing the value of a great part of the socie-
ty in the global south context.

For transformative change to take place, UNICATA 
must apply a bottom-up approach grounded in pedagogi-
cal theories as articulated by Paulo Freire, Michel Thiollent, 
Fals Borda, among others. From the student perspective, 
problematizing concrete lived experiences of waste pick-
ers in the classroom and during field visits are an essential 
teaching strategy, enabling critical understanding that can 
lead to critical action (Freire, 1974). We have witnessed 
many moments uncovering increased self-consciousness 
and social awareness, helping to understand society’s op-
pressive forces. Experienced waste pickers represent a 
fundamental element in the teaching and effective dissem-
ination of knowledge. As both educators and participants, 
waste pickers are agents of change in transforming their 
lives and societies.

UNICATA students have also been involved in the de-
velopment of a research project, based on the topics dis-
cussed in class and their interests. These student projects 
have followed a participatory research approach, where 
the students have worked as researchers (citizen scien-
tists), accompanied by academics. This approach has 
revealed research findings on cutting edge topics, which 
will also help push the edges of what we know about how 
to conduct better practice-driven and policy-oriented re-
search.

UNICATA is a prime example of a grassroots initiated 
experience in popular education demanding and offering 
knowledge democracy. It suggests a solution to the prob-
lem of social exclusion and limited opportunities available 
to waste pickers, while waste management related work 
is becoming a pressing necessity, given the environmen-
tal and climate crisis increasingly penetrating our life. In-
vesting in waste pickers’ education not only prepares them 
better for the multiple work opportunities related to waste 
management but also establishes them as citizens and fur-
thers their human development.

With the twofold purpose of UNICATA of teaching 
waste pickers and learning from them we hope to contrib-
ute to the design of a roadmap for the integration of waste 
pickers into the waste management sector. Finally, creat-
ing such an inclusive organization of knowledge cocreation 
and knowledge transfer brings waste pickers to the core 
of change, offering opportunities for mutual teaching and 
learning open for everybody.
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SUSTAINABLE UTILIZATION OF CARBON 
DIOXIDE IN WASTE MANAGEMENT
Edited by: A.-M. O. Mohamed, M. El Gamal, S. Ha-
meedi and E.K. Paleologos

The book “Sustainable Utilization of Carbon Dioxide in 
Waste Management” illustrates several options for the su-
stainable use of carbon dioxide (CO2) in the waste manage-
ment sector. The authors highlight the main environmental 
impacts of waste generation and demonstrate the impor-
tance of applying carbon capture (CC) methods to improve 
the level of sustainability of waste management. They also 
provide the readers with the best available practices for CC, 
carbon storage (CS) and carbon utilization (CU) through 
the treatment of a wide range of waste types to improve 
the lifecycle benefits of waste treatments, with particular 
regard to the carbon footprint. 

More specifically, the book is divided into 14 chapters. 
The first chapters introduce basic CC principles, with a cri-
tical view on their level of sustainability and the need for 
improvements, and present the methods to assess the be-
nefits of CC following a Life Cycle Thinking approach. The 

second half of the book is a detailed survey on carbonation 
techniques that can be applied to a large variety of waste: 
from residues of industrial processes and air pollution con-
trol technologies to waste coming from extraction sites, 
construction and demolition activities and desalination 
processes.

Chapter 1 starts with an overview of carbon emissions 
worldwide by sector and the expected trend for the next 
future. The authors discuss the opportunities given by 
available markets for CC and CU, i.e. CO2 reuse after se-
questration, for instance in the beverage industry, in green-
houses, as a feedstock to produce value-added products, 
such as polymers, reprocessed aggregates, slags, ashes, 
chemicals, and synthetic fuels. The chapter also introdu-
ces basic principles related to the waste hierarchy, sustai-
nable development, circular economy and end-of-waste 
concepts, showing the importance of defining appropriate 
end-of-waste criteria involving waste characterization, an 
assessment of technical, market, environmental and health 
impacts and the procedures for waste reprocessing. The 
authors present case studies on three waste streams to 
show the complexity behind the development of end-of-wa-
ste criteria: construction and demolition waste, industrial 
waste, and CC products. The end-of-waste status of the 
latter is particularly important to mitigate global warming 
and it depends on the related environmental impacts and 
the presence of an available end market.

Chapter 2 enters the details of carbon capture and sto-
rage (CCS) and CU processes. Both concepts require the 
separation of CO2 from a waste gaseous stream originating 
from post-conversion (e.g., combustion), pre-conversion 
(e.g., syngas formation) or oxy-fuel combustion (which 
increase CO2 concentration in the waste gas) processes. 
Despite the significant reduction in the global warming 
potential thanks to CC, the authors underline an increase 
in other environmental impacts (eutrophication, acidifica-
tion, photochemical oxidant formation, human toxicity and 
ecotoxicity), stressing the need for cleaner technologies. 
In addition, the costs are related to the level of purity of the 
CO2 emitted, which is the highest in fermentation proces-
ses and the lowest in oil refining. After separation, CO2 is 
compressed, transported and injected into deep geologic 
formation and seabed or into oilfields for enhanced oil re-
covery (EOR). The chapter then presents the main applica-
tions of CU: carbonation/acidification of drinks and food, 
production of polymers, chemicals and fuels by chemical, 
biological and electrochemical conversion, and fixation 
in inorganic compounds, which is the main subject of the 
book. The authors then review examples of large-scale ap-
plications of CU projects worldwide and provide a list of 
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products with the largest estimated potential in terms of 
economic value in the European Union (EU), proteins from 
microalgae and synthetic fuels showing the highest values. 
Overall, CCS and CU are expected to contribute to 20–25% 
of the CO2 emission reduction needed to comply with the 
2050 targets of the International Energy Agency to halve 
energy-related CO2 emissions. The chapter ends with an 
overview of the EU policies supporting CCS and CU, such 
as the Emission Trading System (EC/410/2018), the Rene-
wable Energy (2018/2001/EU) and the Energy Efficiency 
(2012/27/EU) Directives.

Chapter 3 describes the basic principles of Life Cycle 
Thinking, with a focus on the necessary steps to perform 
a Life Cycle Assessment (LCA) of CO2 utilization technolo-
gies and processes, in particular the aim and scope defi-
nition, the definition of boundaries, the inventory analysis, 
the Life Cycle Impact Analysis, the sensitivity analysis and 
the interpretation of the results. The authors point out the 
need for improvements in the LCA approach, specifically 
the need for a uniform LCA framework allowing the direct 
comparison between different technologies/processes 
and reducing the effect of the evaluator’s choice.

In Chapter 4, the authors enter the technical details of 
waste carbonation, presenting carbonation reaction kine-
tics. More specifically, the chapter focuses on the factors 
that limit the reaction rates between an alkaline waste and 
CO2, such as the diffusion of CO2 and alkaline ions through 
the liquid film, diffusion through the boundary layer (pro-
duct layer) and diffusive processes slowed down by chan-
ges in porosity.

Chapter 5 deals with mineral carbonation, i.e. the pro-
duction of calcium- and magnesium-based carbonated as 
partial substitutes for Portland cement and aggregates. 
In particular, the accelerated carbonation (AC) process is 
described, which is characterized by low cost (due to the 
exothermic nature of the reactions involved), stability of 
the precipitated materials, high carbon fixation rates, abili-
ty to immobilize heavy metals, the pH neutralizing potential 
of the products and their possible use in the construction 
sector or in the chemical industry. Contrarily to natural car-
bonation, AC lasts from a few minutes to a few hours due 
to the higher concentration and purity of the CO2 stream. 
The authors distinguish between direct and indirect AC, 
the latter involving the extraction of alkaline metals from 
the solid matrix. The chapter then describes the principles 
of mineral carbonation, showing the main chemical reac-
tions involved, and the main parameters that influence the 
process: the type of surface activation (through grinding, 
heat/steam application, acidification, application of ma-
gnetic fields or sonication), the characteristics of the CO2 
stream, the reactor used, the reacting media (including pro-
cess parameters like temperature, pH, liquid-to-solid ratio 
and pressure), and the product’s nature. Finally, the main 
products and the several possible uses are described.

In Chapter 6, the authors discuss specific carbonation 
processes and related stages, with the available techno-
logies ready for implementation from laboratory scale to 
industrial scale. In particular, the chapter focuses on multi-
process aqueous processes, considered as more efficient 
than single-stage processes. Technologies for natural 

serpentine carbonation range from TRL3 to TRL7, whi-
le technologies for alkaline waste carbonation vary from 
TRL3 to TRL6. One of these processes, developed by some 
of the authors of the book for alkaline waste carbonation 
based on fluidized bed and CO2 recirculation, is discussed 
with reference to case studies of potential implementation 
to process steel slags, to produce sewerage pipes from 
carbonated Ladle furnace slag and carbonated ground gra-
nulated blast furnace slag. The authors present the results 
of tests carried out in real underground sewerage systems 
and in saline and acidic environments.

The focus of Chapter 7 is on laboratory-scale methods, 
in particular fluidized-bed reactor, spouted-bed reactor, hi-
gh-gravity rotating bed reactor and the use of ultrasound. 
The authors highlight that the fluidized-bed reactor is parti-
cularly advantageous compared to conventional methods 
because of the enhanced mass transfer and carbonation 
reactions, and the continuous detachment of the product 
layer from the reactive material bed. In the spouted-bed 
reactor, the inert particles enhance the gas-liquid interfa-
cial area and mixing between the two phases. However, the 
best type of inert particles, the interaction with the gas stre-
am, the degree of separation from carbonated materials 
and energy optimization strategies must be still investiga-
ted in detail. Similar benefits can be achieved with the hi-
gh-gravity rotating bed reactor, but difficulties in modeling 
this process were pointed out. Ultrasound works by conti-
nuously removing the diffusion limiting layers and breaking 
up the particles through cavitation and enhanced turbulen-
ce. The main drawbacks are related to energy efficiency is-
sues and to the reduced break-up of microparticles caused 
by cushioning effects related to high solid concentration. 
Some experimental methods to evaluate the CO2 uptake 
are also reviewed.

The authors dedicate Chapter 8 to the carbonation of 
fly ashes. Different types of combustion fly ashes are re-
viewed: coal fly ashes, municipal solid waste incineration 
ashes and modern ashes, i.e. ashes produced with modern 
technologies such as oxy-fuel combustion. Direct (dry, 
semi-dry and aqueous) and indirect routes for carbona-
tion are presented and their respective main fields of ap-
plication: the construction industry and the production of 
valuable and high-purity precipitated calcium carbonates. 
Sequestration rates with these methods were reported to 
range between 50 and 100 g of CO2 per kg of fly ash.

The sources and characteristics of different types of 
steel slags are presented at the beginning of Chapter 9. In 
general, steel and iron slags are depicted as excellent can-
didates for CO2 sequestration because of their high amount 
of CaO. Slags are considered as attractive secondary mate-
rials especially for cement manufacturing, aggregate mate-
rials for concrete and asphalts. However, possible leaching 
of heavy metals and slag expansion due to free and unre-
acted CaO and MgO have slowed down their applications. 
Regarding the preferred carbonation methods, the authors 
suggest that dynamic systems (e.g., fluidized, rotating or 
ultrasonic beds) would increase the CO2 uptake than static 
beds because of the increased mass transfer, breaking of 
the aggregated particles and the continuous detachment 
of the product layer.
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Chapter 10 deals with the carbonation of calcium car-
bide residues, originated from the production process of 
acetylene, which is the raw material for polyvinyl chloride. 
The authors review the potential applications of calcium 
carbide residues and then focus on the applicable car-
bonation processes. Direct carbonation (especially the 
fluidized-bed process developed by two of the authors) 
and indirect carbonation to produce pure calcium car-
bonate are discussed. Finally, hydration, thermal pretre-
atment, material modification, and incorporation of inert 
materials are discussed as possible processes to apply 
for the production of effective CaO-based sorbents for 
CO2 capture.

The carbonation of concrete cement waste, originating 
from hydrated or non-hydrated cement paste and particles 
from coarse sand aggregates, is the subject of Chapter 
11. The authors focus on the cycle of absorption and re-
lease of CO2 in the process of limestone calcination using 
concrete cement waste: the carbonation of hardened ce-
ment paste may be carried to uptake CO2 and, meanwhile, 
produce calcite, which is the main ingredient in limestone 
production. The CO2 released during limestone calcination 
can be recovered and supply again for the carbonation of 
cement waste. However, the authors stress the need for 
further studies on concrete production from cement waste, 
especially to improve the quality of the final products.

In Chapter 12, the authors present the possible stra-
tegies for the carbonation of mine tailing waste residues, 
namely the single-step direct aqueous carbonation and the 
two-stage carbonation. The chemistry of accelerated car-
bonation varies slightly depending on the dominant alka-
line metal (Ca, Mg and Na). The authors then explain the 
carbonation processes for different residues (anorthosite, 
brucite, chrysotile and ophiolitic complexes). The carbona-
tes and high-surface area silica can be used to produce ce-
ment and clinker. However, the processes involved are still 
not competitive on the market.

Chapter 13 provides interesting insights into possible 
ways to manage brine waste from desalination or the oil/
gas industry. As a matter of fact, the discharge of brine 
waste into the environment has adverse impacts in terms 
of salinity and presence of heavy metals. Carbonation is 
applicable to brine waste too, allowing a two-fold opportu-
nity: CO2 sequestration and reduced impacts on water and 
soils. The authors present some available carbonation pro-
cesses for brine waste: the Solvay process (aiming at the 
production of sodium bicarbonate and sodium carbonate 
from sodium chloride), methods involving alkanolamine 
liquefied absorbents or mixed metal oxides, and electro-
dialysis for absorption of CO2 onto alkaline hydroxides to 
form bicarbonates and carbonates. Possible end products 
are cementitious construction materials and chemicals.

The last chapter (Chapter 14) deals with cement kiln 
dust and the applicable carbonation processes. Cement 
kiln dust composition is strongly related to the fuel used 
and the feeding material and is classified as hazardous 
waste with caustic properties. Cement kiln dust can un-
dergo carbonation, whose reactions were modeled by the 
authors, who evaluated the effect of the many parameters 
involved. The carbonation degree and its efficiency also 

depend on the carbonation process: the authors discuss 
the use of fluidized-bed, ultrasonic, batch, column, rotating-
tube and indirect processes, which may achieve > 70% car-
bonation efficiency.

Overall, the book provides detailed information on CCS 
methods and CU strategies for the simultaneous manage-
ment of different waste types and the mitigation of carbon 
emissions from human activities. The book is directed to a 
specialized audience, i.e. environmental and sustainability 
scientists, engineers and academics in the field. Though 
mainly focused on mineral carbonation, the book provides 
insights into the application of other CCS and CU as well 
as a comprehensive overview of how these techniques fit 
in the general framework of waste management and the 
circular economy.

Marco Schiavon
University of Padova, Department of Agronomy, Food, 
Natural Resources, Animals and Environment (DAFNAE)
email: marco.schiavon.2@unipd.it
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Flip-Flop Man by Patrick Kitete from the Artist Collective “La vie est 
Belle” (photo by Stephan Gladieu, courtesy of the artist).

In this edition I want to introduce two examples of con-
temporary art from Kinshasa, Democratic Republic of Kon-
go (DRK), Africa. Young artists direct the attention about 
the severe waste problems in their country to the public by 
creating human waste sculptures. Kinshasa struggles with 
their own produced waste but also imported used goods 
from Western Countries that are already or become waste 
as e.g. used textiles and also flip flop shoes, and used cars.

 The artist and social activist Eddy Ekete (*1978) from 
Kinshasa, DRK, founded in 2015 the artist collective “Nda-
ku Ya, La Vie Est Belle”; the name was intentionally chosen 
as a provocation. Ekete creates living installations on per-
sons in their environment in Kinshasa highlighting specific 
waste problems that can be watched in the real world and 
on videos (www.eddyeketeblog.wordpress.com).

Stephan Gladieu (*1969) is a self-taught famous pho-
tographer who lives and works in Paris documenting the 
conflicts and social issues that agitate the world. “I chose 
to shoot their portraits in the streets of Kinshasa, with set-
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tings and characters that form a dialogue”, said Stephan 
Gladieu (https://www.festivalphotolagacilly.com/en/pho-
tographes/stephan-gladieu). The two examples of the pho-
tographers work I present here are from his photo collec-
tion “Homo Detritus”. The expressive Flip- Flop Man photo 
is in my view self - explaining, showing a person covered 
with Flip-Flop shoes as a symbol of an abundance society. 
The photo emits a special esthetics, showing the hidden 
beauty of a sad situation. Using these wasted shoes makes 
the dilemma of rich countries obvious that divert their used 
products to poorer countries. It is an outcry against the dra-
matic volumes of wastes present in the streets of Kinshasa 
and worldwide, an outcry against affluent societies in parts 
of the world and an outcry against the inaction of adminis-
trations to solve this problem. 

Another piece of art from the “Homo Detritus” collec-
tion is the photo of a person that is covered with pieces of 
rubber tires carrying a used tire. He poses himself before 
a yellow wall which again provides this subtle esthetics. 

Tire Man by artist Savant Noir, (photo by Stephan Gladieu, from the 
photo collection “Homo Detritus”, courtesy of the artist).
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This art photo shall make people aware of the inadequate-
ly managed large quantities of old tires; it protests also 
against the immense exploration of natural resources in 
the DRK. Beside several valuable metals as gold, copper, 
coltan and cobalt also huge amounts of extracted latex is 
used to produce rubber tires. 

In my view, these photos find the right balance between 
the esthetical art work and the desired statement. This 
combination makes the photos very attractive to spread 
the message as a request for reducing/avoiding “waste” 
import and a more effective waste management. These art 
photos are relevant also for other countries in a similar sit-
uation but also for the rich export states.

In the coming issue I pres-
ent to you a Chinese picture 
from the Museum in Zhangji-
ajie-Yongding with a very spe-
cial technique I have not seen 
before.

VI
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