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CIRCULAR ECONOMY BETWEEN BUSINESS AND BIODIVERSITY

The increasing loss of biodiversity is one of the most
dramatic consequences of climate change and human im-
pact. Biodiversity provides ecosystem services essential
for human life such as food, materials, clean water, climate
regulation, and many others. According to IPBES (Inter-
governmental Science-Policy Platform on Biodiversity and
Ecosystem Services), the main drivers of biodiversity loss
can be found in five main causes: (i) changes in land and
sea use (human actions have significantly altered 77% of
land and 87% of the ocean); (ii) Overexploitation of spe-
cies and natural resources (in 2022, humanity was using
nature and its resources at rates 1.75 times faster than the
planet's ecosystems can regenerate); (iii) Climate change
(human actions have warmed the globe by more than 1°C
compared to pre-industrial levels); (iv) Pollution (approx-
imately 11 million tonnes of plastic are dumped into the
world’s oceans each year, affecting more than 250 animal
species); (v) Invasion of alien species (since 1980, cumu-
lative records of alien species have increased by 40%, neg-
atively affecting native species) (Ellen Mac Arthur Founda-
tion, 2021).

The circular economy aims at changing the production
and consumption systems eliminating waste and pollution
to reduce threats to biodiversity, circulating products and
materials to give space for the restoration of biodiversity,
and regenerating nature to help biodiversity.

Biodiversity and ecosystem services

The definition of biodiversity universally accepted
could be the following: “Any kind of variability among liv-
ing organisms, including, inter alia, terrestrial, marine and
other aquatic ecosystems and the ecological complexes
of which they are part; it includes diversity within species,
between species and between ecosystems” (Secretariat of
the Convention on Biological Diversity, 2011).

This definition puts the focus on the concept of vari-
ability, which can be considered at three different levels:
(i) within species, when considering genetic and popula-
tion-level measures; (ii) between species, when consid-
ering the variation of species level; and (iii) within eco-
systems, when considering the regional and landscape
level.

The concept of biodiversity, hence, is a multifaceted
and encompassing idea that goes beyond just the diversi-
ty of species in an ecosystem. It encompasses the entire
range of living organisms, including all species of plants,
animals, fungi, and microorganisms, as well as the genetic
differences within these species, the interactions between
them, and the ecosystems they form a part of. The concept

of biodiversity is crucial because it underpins the health
and functioning of ecosystems, which in turn sustains hu-
man well-being. Biodiversity supports ecosystem services
that are essential for food production, medicine, climate
regulation, and cultural values.

Since ecosystem services are services provided by na-
ture to humans they can be simply defined as: “The bene-
fits people obtain from ecosystems” (Millenium Ecosystem
Assessment-MEA, 2005). MEA provided a classification in
four categories of ecosystem services, which is still con-
sidered as universal:

Provisioning. The goods or products obtained from
ecosystems such as food, freshwater, timber, and fiber.
Regulating. The benefits obtained from an ecosystem’s
control of natural processes such as climate, disease,
erosion, water flows, and pollination, as well as protec-
tion from natural hazards. “Regulating” in this context
is a natural phenomenon and is not to be confused with
government policies or regulations.

+  Cultural. The non-material benefits obtained from eco-
systems such as recreation, spiritual values, and aes-
thetic enjoyment.

Supporting. The natural processes such as nutrient
cycling and primary production that maintain the other
services.

Business and biodiversity

Biodiversity could be seen as an integral component of
natural capital. Nowadays, the relationship between eco-
nomic activities and the environment is universally known,
meaning that business can generate positive and negative
impacts on the environment and at the same time, it relies
on the resources that the environment provides to it. There-
fore, businesses both impact and depend on biodiversity
and the ecosystem services it provides.

The concept of dependency refers to the organization’s
reliance on the use of biodiversity, meaning the biological
resources of species and their interaction with ecosystems
and ecosystems services, such as pollination, water flow
regulation, water filtration. These dependencies are directly
and indirectly interlinked with biodiversity impacts, which
can be defined as “a change in the diversity of ecosystems
and/or species that may take place because of business
activities”. Such impacts can be direct, where business
directly exploit biodiversity resources (agriculture, for-
estry, fishing) or indirect, where business affect indirectly
biodiversity and natural resources (fashion, finance, man-
ufacturing) (Mace et. al. 2012). However, the relationship

Editor in chief:
—\ Raffaello Cossu
[I] email: raffaello.cossu@gmail.com

Q Detritus / Volume 27 - 2024 / pages 1-2
https://doi.org/10.31025/2611-4135/2024.19385
© 2024 Cisa Publisher. All rights reserved



between business and biodiversity is not yet well-known
at business strategy level, even though the link between
economic activities and biodiversity/ecosystem services
is extremely strong. In this sense valuing biodiversity and
ecosystem services can facilitate business in understand-
ing the real value of biodiversity and the economic benefits
that conservation practices could bring to them. Economic
valuation of ecosystem services and biodiversity can help
society and business in let them understand that biodi-
versity and ecosystem services are scarce and that their
depreciation or degradation is bringing costs to society.
Therefore, valuing ecosystem services and biodiversity is a
needed step for businesses for increasing their awareness
concerning the importance of these services for the effi-
ciency of such economic activities in the long term.

Biodiversity and circular economy

As it has been previously shown, one of the main driv-
ers of biodiversity loss is the wasteful and unsustainable
economy characterized by a linear flow. Circular economy,
as well known, is a closed system focused on the values of
materials, resources, and products, which can bring ben-
efits in different sectors such as reduction in GHG emis-
sions, materials, reduction in primary material consump-
tion, in sustainable agriculture ( it has been estimated that
designing food products, such as wheat, potatoes, dairy,
etc., for nature using diverse, upcycled, lower-impact, and
regeneratively grown ingredients can bring to a 50% reduc-
tion in the negative impact on farm-level biodiversity), in
economy, in the form of net material cost savings and re-
ductions in externalities, and in the environment (e.g. in the
global plastic sector CE can bring to a strong reduction in
plastic leakage).

Biodiversity presents different features. It is composed
by ecosystems, genes and species and therefore, when
it comes to measure the status and/or the impact of bio-
diversity, it can be tricky. Therefore, for each component,
different aspects must be measured (UNEP-WCMC et al.,
2022):

a) Ecosystems - two aspects must be considered: the
ecosystem extent (spatial features of the ecosystem)
and the ecosystem condition (composition of ecologi-
cal communities);

b) Species - the population size must be measured (MSA
- Mean Species Abundance is one of the most utilized
indicators in this framework), and the extinction risk.
So, it provides an idea on the health of a species in an
ecosystem;

c) Genes - only the genetic diversity must be considered,
which describes the variability in genetic characteris-
tics within a given species, or within an ecosystem. It
can provide an indication of its resilience to change.

Hundreds of different indicators, indices, or metrics
that measure the status of one of each component exist
and the challenge relies in finding the more holistic one.

Final remarks
In conclusion, biodiversity is indispensable for the func-
tioning of ecosystems and the provision of ecosystem ser-

vices. The loss of biodiversity is a pressing global concern
with far-reaching consequences, and addressing it is para-
mount for sustainable development. The circular economy
offers to business and human activities an option to miti-
gate the main drivers of biodiversity loss.

Understanding this relationship and valuing biodiversity
and ecosystem services can enhance business awareness
of their long-term benefits and the costs associated with
their degradation.

The crucial point remains the full enforcement of the
circularity of the circular economy, which even today en-
counters various implementation challenges and therefore
still has a long way to go before it can be considered a busi-
ness system that is neutral towards biodiversity.

Technical, regulatory, and authorization barriers (e.g.,
End of Waste) in recycling waste, the difficulty in producing
pollutant-free goods and thus fully reintegrating them into
the secondary production cycle, the need to economically
support the more fragile and less aware countries of the
impacts of uncontrolled waste management, are all as-
pects that slow down the positive impact of the circular
economy on biodiversity conservation. If biodiversity can
truly be protected and promoted through the conscious
use of resources and their conservation, the new economic
paradigm that bases its material circularity on the recovery
of materials through waste recycling, does not, however,
address the issue of uncontrolled consumption of goods
and services in an equally important way, and, indeed, em-
phasizes the need to always find new sources, alternatives
to virgin raw materials, but not to drastically reduce their
comsumption.

If we will be able to define and quantify the ecosystem
values on which various corporate businesses depend and
impact, the circular economy could still make progress in
preserving and promoting biodiversity.

Maria C. Lavagnolo *, Giovanni Felici and Alberto
Lanzavecchia

University of Padova, Italy

* mariacristina.lavagnolo@unipd.it
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ABSTRACT

Environmental concerns due to the wide use of plastic in food packaging have be-
come one of the most significant challenges in the world. Consequently, the research
in developing sustainable materials for food packaging has accelerated. Nanocel-
lulose-based packaging is a biodegradable, renewable, and antimicrobial material
with some competitive physicochemical characteristics when compared to plastic
packaging. However, there has been insufficient research on a holistic discussion of
the potentials and drawbacks of nanocellulose as well as its production, applications
and disposal regarding sustainability. This study aims to evaluate the application of
nanocellulose in food packaging in the view of environmental sustainability. It gives
an exhaustive overview of the essential aspects from the production to disposal of
nanocellulose through a literature review. Then, a SWOT (Strengths, Weaknesses,
Opportunities, Threats) analysis is used to evaluate the potentials and drawbacks
of applying nanocellulose in food packaging. It has been observed that the physico-
chemical properties of nanocellulose materials have the potential to be used in food
packaging with fewer negative impacts on the environment. Furthermore, it supports
the top tiers of the waste hierarchy and a circular economy. However, some challeng-
es need to be addressed to ensure the safe and effective use of nanocellulose in
food packaging, including high expenses, a lack of guidelines, and potential hazards
to people and the environment. To eliminate these uncertainties, more studies need
to be performed on applying nanocellulose in food packaging.

1. INTRODUCTION

Packaging is essential for preventing food items from
spoilage, damage, contamination, or deterioration and
shielding sensitive bioactive compounds from damaging
physical and environmental forces (Ahankari et al., 2021;
Ashfaq et al., 2022). With 85%, food packaging compris-
es the largest part of the whole packaging industry (Silva
et al.,, 2020). Therefore, it is the key lever when aiming to
make changes in the packaging industry. The most popular
packaging materials are plastics (ibid.). Their characteris-
tics show significant advantages in comparison to other
materials and thus make them especially suitable for ap-
plication in food packaging. Plastics are easy to use due to
their light weight and flexibility, have low production costs
making them accessible for a wide range of producers and
users, and show excellent mechanical and barrier qualities
which support the main goal of packaging - protecting the
food items (Sangroniz et al., 2019).

In addition, Silva et al. (2020) state that the market for
plastic packaging has been expanding by 20 to 25 per cent

annually. In Europe, 23 million tonnes of plastic packag-
ing are generated annually which is estimated to reach 92
million tonnes by 2050 (Ncube et al., 2021). Furthermore,
since 1950, the amount of plastic waste in the world has
been estimated at 6300 million tons, of which 4977 mil-
lion tons have been accumulated in landfills or waterways
(Silva et al., 2020). There is a growing concern about the
widespread usage of petroleum-based plastics which are
non-renewable, non-biodegradable, and contribute to an
environmental crisis (Azeredo et al., 2017). Plastic waste
that starts to decompose results in microplastic particles
that intrude the food chain, carrying pollutants and hence
impacting animal and human health (Azeredo et al., 2017;
Chai et al., 2023). Furthermore, microplastic and global
warming supplement each other and, as a result, contrib-
ute to worsening climate change (Bergmann et al., 2022).
Consequently, the need for packaging materials that
are renewable (not petroleum-based), biodegradable, and
cause minimal environmental impacts has increased as
stated by Ahankari et al. (2021). One such substance is na-
nocellulose which has demonstrated exceptional promise
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for food packaging due to its availability, renewability, deg-
radability, and physical-chemical characteristics (Silva et
al., 2020). ISO/TS 20477:2017 defines nanocellulose as a
structure with at least one dimension equal to or less than
100 nm, which can be subdivided into cellulose nanocrys-
tals and cellulose nanofibrils formed chemically and me-
chanically, respectively (Fotie et al., 2020).

Nanocellulose is made from natural cellulose that has
been fermented by plants, seaweeds, and microorganisms
via chemical (Zhou et al., 2021), biological and mechani-
cal processes like pressure refiner and grinder treatment
(Sarwar et al., 2018). The reduction of the particle size
improves the properties of commercial cellulose fibres
(Siddiqui et al., 2023). Depending on the sources and tech-
niques used for extraction, the types of nanocellulose have
a variety of structures and sizes (Amara et al., 2021). Na-
nocellulose products, such as cellulose nanocrystals, na-
nofibrillated cellulose, and bacterial nanocellulose, have
outstanding physicochemical properties that have the
potential to significantly alter a variety of commercial ap-
plications like the packaging industry (Ferrer et al., 2017).
Therefore, different methods of applying nanocellulose for
packaging, like coating and casting have been developed
(Ferrer et al., 2017).

Although most of the studies considering the appli-
cation of nanocellulose in food packaging (e.g., Ma et al.,
2022; Mu et al.,, 2019) include both positive aspects and
challenges, a holistic overview and a linkage of the mate-
rial’'s features to its production, uses and disposal are still
missing in this research field. Therefore, due to the impor-
tance of a thorough discussion, this study aims to system-
atically evaluate to what extent the application of nanocel-
lulose in food packaging can potentially alter and minimise
food packaging waste. To achieve this, two objectives are
addressed, including (1) to examine the production pro-
cesses, current uses of nanocellulose in food packaging
and its disposal, and (2) to identify and discuss potentials
and drawbacks of nanocellulose in food packaging in the
view of sustainability and circular economy.

2. METHODS

The methodology of the study consisted of two parts.
The first objective was met by a literature review. Moreo-
ver, a SWOT analysis was conducted to meet the second
objective mentioned above. The main area of study was
limited to a circularity and sustainability perspective, es-
pecially environmental sustainability, which creates the
system boundaries of the analysis. Therefore, technical
aspects are included to an extent where they support an-
swering the objectives but not described in detail. The pe-
riod of the literature considered is 10 years, therefore only
studies completed and published after 2013 are analysed.
This was brought on by how quickly the field of technology
research was developing. Furthermore, a study conducted
by Garrido-Romero et al. (2022) has shown a rapid abun-
dance of publications focusing on nanocellulose in food
packaging within the past ten years, supporting the chosen
timeframe. Since the study was technology-focused, there
was no geographical restriction. In addition, as the title im-

plies, nanocellulose’s application in food packaging was
the study’s sole emphasis.

The first objective comprises a literature review of the
production processes, applications and disposal of nano-
cellulose. To gather information on those areas, the follow-
ing keywords were applied: “nanocellulose” OR “cellulose”
OR “cellulose nanofibres” OR “cellulose nanocrystal” AND
“production” OR “sources” OR “processes” OR “applica-
tions” AND “food packaging” OR “disposal”. To find full-
text articles that meet the aforementioned requirements,
the databases Scopus, ScienceDirect, Google Scholar and
Wiley Online Library were used.

The second objective was additionally accomplished
by conducting a SWOT (Strengths, Weaknesses, Opportuni-
ties, Threats) analysis using the information extracted from
the literature. This well-established approach was chosen
because it facilitates decision-making through evaluating
and comparing potentials and downsides as emphasised
by Puyt et al. (2023) and Yuan (2013). Previous SWOT
assessments in the context of environmental and waste
management have evidently demonstrated potentials of
improving the systems in question (Yuan, 2013).

In order to choose matching keywords that would fa-
cilitate finding appropriate literature for the SWOT analy-
sis, the previously mentioned study conducted by Garri-
do-Romero et al. (2022) was consulted. The most common
keywords in the context of nanocellulose in food packag-
ing were analysed. Based on these results, the following
keywords were applied in the literature review: “nanocellu-
lose” OR “cellulose” OR “cellulose nanofibres” OR “cellulose
nanocrystal” AND “food packaging” OR “waste” OR “plastic
waste”. The databases used for research were the same as
mentioned in the first objective.

3. RESULTS
3.1 From production to disposal of nanocellulose
3.1.7 Production processes

Salimi et al. (2019) state that the main steps in produc-
ing nanocellulose are (1) selecting proper cellulose sourc-
es, (2) pre-treatment, and (3) extraction. Firstly, choosing
appropriate cellulose sources, like those with a high cellu-
lose content, is one of the most significant factors in the
production of nanocellulose (Salimi et al., 2019). With re-
gard to this, Ferrer et al. (2017) emphasise that the source
of cellulose influences the characteristics of the produced
nanocellulose, such as morphology, size and crystallinity.
For instance, when materials like wood, sugar beets, or
potato tubers are used as the source, the diameter of the
nanocellulose produced ranges from 5 to 60 nm (Klemm
et al,, 2011). Wood has a porous structure that combines
high strength and low density (Kargarzadeh et al.,2017). On
the other hand, when low-molecular-weight sugars and al-
cohols are used for nanocellulose production, the diameter
of the resulting nanocellulose ranges from 20 to 100 nm
(Klemm et al., 2011). Cellulose nanocrystals, which are a
type of nanocellulose, are mainly sourced from materials
like wood, cotton, tunicin, algae, and bacteria with a di-
ameter ranging from 5 to 70 nanometers (ibid.). Cellulose
nanocrystals have excellent mechanical properties (Kar-
garzadeh et al., 2017).
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Secondly, according to Palacios Hinestroza et al. (2019),
pre-treatment is required to eliminate impurities and lower
energy consumption during the mechanical breakdown of
cellulose. Each type of biomass source consists primarily
of cellulose, lignin, hemicellulose, pectin, and other smaller
components that have various physical and chemical prop-
erties which hence require different pre-treatment meth-
ods (Lunardi et al., 2021). These can be broadly divided
into two groups, non-biological and biological, depending
on the type of treatment process applied. Physical, chem-
ical, and physico-chemical pre-treatment methods are the
three main categories of non-biological pre-treatment tech-
niques, which do not use any microbiological treatments.
Kumar and Sharma (2017) have reviewed the characteris-
tics and applicability of the most common methods. Ac-
cording to Ko et al. (2020), alkaline pre-treatment, which
is an eco-friendly method, can increase the production of
nanocellulose by removing 73% of hemicellulose and 50%
of lignin from wood fibre. So, pre-treatment makes the cel-
lulose accessible for the procedure.

Thirdly, there are three main extraction processes for
producing nanocellulose: mechanical, chemical, and bio-
logical (Salimi et al., 2019). The different processes lead to
variations in the types and characteristics of the produced
nanocellulose (Phanthong et al., 2018). Mechanical pro-
cesses utilise mechanical forces that cause the cellulose
to become defibrillated and create a crucial tension centre
in the fibrous substance (Salimi et al., 2019). According to
Phanthong et al. (2018), the most common mechanical
techniques are ultrasonication (using ultrasound for de-
fibrillation) and high-pressure homogenization (by inject-
ing cellulose slurry into a container at high pressure and
speed). Chemical processes employ chemical substances
(such as acid hydrolysis and metal salts) that break down
the cellulose. The most common chemical process is acid
hydrolysis, which uses sulfuric acid to isolate nanocellu-
lose from cellulosic materials and break down the disor-
dered regions (Phanthong et al., 2018). Moreover, different
factors, including reaction temperature, time, acid type, and
acid concentration, have a substantial influence on the pro-
cess (Tiwari and Sanjog, 2023). Biological processes are
applied when cellulose is degraded by biological reactions
(Salimi et al., 2019). Enzymatic hydrolysis is one example
of a biological process that uses enzymes to break down or
change cellulose fibres (Phanthong et al., 2018). This pro-
cess often requires moderate conditions. Since this pro-
cess takes a lot of time, it is always combined with another
technique (ibid.).

To optimise the production process, researchers have
also combined several of these extraction strategies (Fer-
rer et al., 2017). The introduced processes highlight the
variety of methods available for producing nanocellulose.
This helps understand how the environmental impacts of
nanocellulose can be minimised starting from the early
stages of the material’s lifecycle.

3.1.2 Uses in food packaging

Thermoplastics are a major conventional plastic cate-
gory commonly used in food packaging since they become
soft when heat is applied (Marsh and Bugusu, 2007). Ther-

moplastics most widely used in food packaging are poly-
propylene (PP), polystyrene (PS), polyvinyl chloride (PVC),
polyethylene (ET), and polyethylene terephthalate (PET).
The properties of the different thermoplastics are mainly in-
fluenced by the composition of the raw materials and physi-
cal and environmental conditions (such as linearity and mo-
lecular weight) (Teck Kim, Min and Won Kim, 2014). They
have shown good performance in terms of thermal and me-
chanical behavior, water vapor transfer rate, gas permeabili-
ty, and chemical resistance (bid.). They are also lightweight
and low-cost, which makes them suitable for food pack-
aging applications (Ncube et al., 2021). However, they are
nonbiodegradable, derived from fossil fuels, and responsi-
ble for different environmental issues like the emission of
greenhouse gases (ibid.), underlining the need of more en-
vironmentally friendly alternatives, such as nanocellulose.

Nanocellulose has a variety of uses in the food packag-
ing industry. According to Ma et al. (2022), the most com-
mon application of nanocellulose is as a reinforcing phase
for food packaging materials, although it may also perform
as matrices for other materials. Moreover, Mu et al. (2019)
emphasise that nanocellulose is added to traditional poly-
mers to improve mechanical and biodegradable character-
istics. Nanocellulose can be incorporated in two different
ways. It can be coated to traditional food packaging, in the
form of films, for instance, or by fabricating multi-layer ma-
terials, through casting and evaporation, extrusion, and lay-
er-by-layer (Ashfaq et al., 2022; Ferrer et al., 2017).

It is well-recognized that coatings are an efficient and
sustainable technique for integrating nanocellulose into
food packaging (Fotie et al., 2020; Li et al., 2015). The coat-
ing improves several qualities of food packaging materials
(Li et al., 2015), including antibacterial capabilities, mois-
ture retention, control of food oxidation, and providing the
substrate with different types of barriers (like water, oxy-
gen, and grease) (Fotie et al., 2020). Furthermore, there is
the possibility of using edible and environmentally friendly
polymers that are either dipped or coated directly onto the
food surface (Li et al.,, 2022; Zhang et al., 2021).

According to Li et al. (2022), casting is one of the sim-
plest methods for producing nanocellulose packaging ma-
terials. It is a process that involves drying films of neat or
modified nanocellulose by evaporating water or solvent
from the nanocellulose at a specific temperature (Ferrer
et al., 2017). It enhances mechanical and water resistance
characteristics, increases tensile strength, decreases wa-
ter solubility, and leads to high UV resistance (Ferrer et al.,
2017, Li et al., 2022). Extrusion is an economical and pro-
ductive method to fabricate nanocellulose films, creating
good oxygen and water vapour barrier qualities (Li et al.,
2022). In addition, the material is extruded via an extruder
fitted with a metal die in the appropriate pattern to make
the required shape (ibid.).

In the layer-by-layer method, a skinny layer of function-
al substances deposits onto surfaces. Fotie et al. (2020)
emphasise that it takes numerous coats of nanocrystal
cellulose dispersions on solid layers to achieve the nec-
essary thickness to meet the demands for wet strength,
mechanical qualities, and gas barrier capabilities. In con-
clusion, the variety of nanocellulose applications provides
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a widespread base for working with nanocellulose in food
packaging. In particular, coating and casting options hold
positive aspects that will be elaborated on in the SWOT
analysis.

3.1.3 Disposal

The end-of-life stage is disposal, a significant phase in
circular economy. A vital part of circular economy is loop-
ing the waste flow into producing new goods and services
(Johansen et al., 2022). Nanocellulose packaging can fa-
cilitate the transition from a linear economy to a circular
economy in different ways. Firstly, recycling and compost-
ing are two main methods for the disposal of nanocellu-
lose (Shahzad et al., 2023; Shanmugam et al., 2019), of-
fering a promising approach to closing the resource cycle,
improving the environmental situation and retaining value
(Meister et al., 2022). In contrast, using conventional plas-
tic, which most often follows a linear economy (production,
use, and disposal), can pose severe threats to the environ-
ment and human health (Johansen et al., 2022). Secondly,
the production of nanocellulose from wastes (such as food
or agricultural waste) aligns with the principles of the circu-
lar economy (Mateo et al., 2021).

Since nanocellulose is biodegradable and non-toxic,
composting is an affordable and environmentally friendly
way to dispose of the material along with other organic
waste, which also contributes to lowering the quantity of
waste that ends up in landfills (Shahzad et al., 2023). The
packaging will decompose into its natural compounds,
such as water and carbon dioxide, and can then be used as
a nutrient-rich soil fertiliser (Fotie et al., 2020).

Some types of nanocellulose-based materials can be
fully recycled several times or converted into other valua-
ble materials like carbon black, a material mainly used as
a pigment and reinforcement in vehicle tyres (Uttaravalli et
al., 2022), in the recovery process (Shahzad et al., 2023;
Shanmugam et al.,, 2019). Shanmugam et al. (2019) recy-
cled nanocellulose films into films with approximately 70
percent of the primary film’s strength. The process of recy-
cling leads to a lower density, less homogeneity, and poor-
er strength. However, the recycled nanocellulose materials
were still able to deliver acceptable performance for most
packaging applications. The disposal options of nanocellu-
lose and its recycling ability have an impact on its use and
will be a factor in the following SWOT analysis.

3.2 SWOT analysis of nanocellulose in food packag-
ing

The following SWOT analysis determines potentials
and drawbacks of nanocellulose in food packaging. All
aspects are chosen with regard to nanocellulose’s role in
and contributions to sustainability, namely environmental
impacts, and its potential of circularity according to the
system boundaries aforementioned. This includes chem-
ical and physical details that impact the mentioned per-
spectives but excludes a deep dive into technical details.

3.2.1 Strengths

Nanocellulose incorporated into packaging is biode-
gradable, compostable and easily recyclable, without caus-

ing any environmental harm (Arrieta et. al, 2016; Fotie et
al., 2020). By-products from recycling nanocellulose can be
used in a different context, as mentioned before (Shahzad
et al., 2023). It can be obtained from a wide range of bi-
ological sources (Silva et al., 2020). Depending on the
source, nanocellulose is relatively low in price, compared
to other biodegradable plastics alternatives (Arrieta et al.,
2016; Siddiqui et al., 2023). According to Fotie et al. (2020)
and Silva et al. (2020), nanocellulose is biocompatible and
non-toxic. Regarding chemical properties, the material has
high crystallinity and high polymerisation (Perera et al.,
2022; Silva et al.,, 2020). Resulting of the decreased par-
ticle size, cellulose nanofibres show improved properties
with regard to an increased surface-to-volume ratio and
improved mechanical properties, such as thermal stability
or tensile strength (Siddiqui et al., 2023; Silva et al., 2020).
Furthermore, this leads to light weight and low density
(ibid.). Using nanocellulose as a coating for food packag-
ing made of paper, the material’s gas barrier qualities are
improved (Fotie et al., 2020; Garrido-Romero et al., 2022).

Nanocellulose can make the nanomaterial-based films
more tortuous, which causes diffusion processes to move
more slowly and lowers permeability (Yu et al., 2014).
Moreover, nanocellulose and other bio-nanocomposites
usually show strong antimicrobial, oxygen-scavenging, and
ethylene-absorption activities (Perera et al., 2022). Oxy-
gen-scavenging refers to the process of reducing oxidative
damage in a wide range of food constituents, such as oils
and fats, to prevent rancidity, discolouration, and loss of
taste and nutritional components (Vermeiren et al., 2003).
Absorbing ethylene in food items helps extend their shelf
life (Ayhan, 2019). Moreover, nanocellulose has a strong
ability to inhibit lipid oxidation and high moisture control
(Machado et al., 2022; Siddiqui et al., 2023). These charac-
teristics are essential for reducing microbial growth, and
improving the quality and safety of food products during
storage and transport (ibid.) which assists in extending the
food items’ shelf-life (Ashfaq et al., 2022) and, consequent-
ly, reduces the amount of food going to waste. Besides,
these properties reduce the need for fossil fuels when us-
ing nanocellulose (Souza et al., 2020).

3.2.2 Weaknesses

When compared to plastics, nanocellulose has some
drawbacks. It is not as affordable and accessible (Perera
et al.,, 2022). Compared to conventional coating plastics,
the production costs of nanocellulose are higher since it
requires more machinery (Fotie et al., 2020). While plastics
can be utilised in all food packaging applications, the pres-
ent bio-nanocomposites are particular to the type of food
(Perera et al., 2022). Since nanocellulose is most often ob-
tained from plants in which water is an integral part, the
material itself has weak water resistance, making it inap-
propriate for environments with high humidity (Ahankari et
al., 2021; Solhi et al., 2023). It further lacks the ability to be
sealed by heat, which is the most frequently used method
to form and close plastic packaging (Fotie et al., 2020; Ilhan
etal.,, 2021). Because biodegradable packaging is novel, re-
search must be conducted to develop it into a global stand-
ard for food packaging (Perera et al., 2022). Also, there are
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not sufficient regulations and legislation regarding the use
of bio-nanocomposites in food packaging (ibid.).

3.2.3 Opportunities

Nanocellulose can be obtained from a variety of
wastes, including barley waste, tomato peels, garlic straw
residues, wood waste and paper waste, corncob residue,
exoskeleton of prawns and crabs, and industrial waste
cotton (Noor et al.,, 2020; Silva et al., 2020). Consequently,
by being produced of waste, the nanocomposite supports
a circular economy and is recognized as more sustaina-
ble than conventional plastics (Siddiqui et al., 2023). This
makes nanocellulose a great alternative for large-scale
applications, such as packaging for beef meat (Machado
et al,, 2022; Siddiqui et al., 2023). The characteristics of
polymers, including their thermal, mechanical, barrier, and
surface wettability properties, could all be improved with
the addition of nanocellulose to the existing material (Ar-
rieta et al., 2016). As a result, biobased and biodegradable
polymers perform better thermomechanically (ibid.).

The combination of nanocellulose with biodegradable
additives can strengthen its characteristics or mitigate
some of its flaws: By combining nanocellulose with gelatin,
starch, gelatin-based biopolymers, or other bioplastics, the
above-mentioned lack of water resistance can be improved
(Garrido-Romero et al., 2022). Adding essential oils, such
as thyme, gives the material an antioxidant activity, which
restricts the oxidation of proteins, lipids, DNA, and other
molecules by preventing the growth stage in oxidative re-
action chains (Atasoy et al., 2019; Machado et al., 2022).
With further nanocellulose applications, waste disposal
and greenhouse gas balances will be reduced, promoting
environmental sustainability (Abdul Khalil et al., 2016).
Moreover, research into the use of nanocellulose in food
packaging is a hot topic in the sciences right now (Garri-
do-Romero et al., 2022).

3.2.4 Threats

Although using nanocellulose in food packaging has
many benefits, there are some concerns as well. One is
that the adoption of nanotechnology in society and the
economy is still unclear because of consumer and man-
ufacturing worries about worker safety and health due to
potential environmental harm, and human health effects
like cancer and gastrointestinal tract inflammation (Sou-
za et al.,, 2020). Also, given the absence of guidelines and
assurances for the effectiveness of its implementation,
the package manufacturers have not yet demonstrated
a strong interest in the applicability and processability of
nanocellulose (Fotie et al., 2020). Another risk that might
affect the usage of nanocellulose in food packaging is its
potential migration to foods which has not yet been stud-
ied (Ashfaq et al., 2022; Azeredo et al., 2017; Souza et al.,
2020). Given the novelty of bio-nanocomposites in food
packaging, the migration levels and the cytotoxicity effects
of nanomaterials are still poorly understood (Perera et al.,
2022). Furthermore, advantages of conventional plastics
pose a threat to an extended integration of nanocellulose
in food packaging. Their longevity, low production price
and broad possibilities of application make it difficult for

many alternatives to prevail on a large scale (Fotie et al.,
2020; Perera et al., 2022; Sangroniz et al., 2019). Other than
conventional plastics, nanocellulose’s particularity to a
type of food, as mentioned in Perera et al. (2022) limits its
applicability in food packaging implementations. Addition-
ally, despite the awareness of problems with plastics, cur-
rent human behaviour and habits often impede the change
to other solutions (Heidbreder et al., 2019). Due to these
reasons, nanocellulose encounters difficulties outcompet-
ing conventional plastics and establishing on the markets.

Table 1 summarises this SWOT analysis of nanocellu-
lose in food packaging. Overall, nanocellulose used in food
packaging offers numerous strengths, such as being eas-
ily recyclable and extractable from a variety of biological
sources. It does, however, have some weaknesses, e.g.,
not being as accessible and affordable as plastics, and not
being covered in enough laws and regulations. Opportuni-
ties that prevail for nanocellulose include enhancing the
properties of polymers and promoting a circular economy.
There are also threats, though, such as the potential migra-
tion to food and the connected unclear adoption of nano-
cellulose by consumers and manufacturers.

4. DISCUSSION

In the results, both the life cycle of nanocellulose (from
production to disposal) and the SWOT analysis showed
positive and negative aspects of nanocellulose in food
packaging with regard to circularity and environmental sus-
tainability. Other perspectives such as social aspects and
technical details were not in focus of this study which has
to be kept in mind when critically discussing potentials of
nanocellulose.

4.1 Production, application, and disposal of nano-
cellulose

The current production processes, applications and
disposal options of nanocellulose in food packaging are
already promising. According to Ferrer et al. (2017), its po-
tential will probably increase with further research. This is
due to the fact that more knowledge about nanocellulose
can reduce insecurities with regard to environmental and
health issues and improve production and application pro-
cedures. Further development of the processes and their
combination could simplify production, and also reduce
costs and resource use as underpinned by Salimi et al.
(2019). Nevertheless, current processes already allow for a
more individually designable implementation as producers
can choose between three different approaches; mechani-
cal, chemical and biological. Additionally, the diverse possi-
bilities for applying nanocellulose in food packaging, such
as coating and the layer-by-layer method, are connected to
different characteristics and advantages and thus make its
use customisable.

However, concerning the production, use and disposal
of nanocellulose in food packaging, from a circularity and
environmental sustainability perspective, several restrict-
ing aspects have to be taken into account. Firstly, in ad-
dition to wisely choosing the extraction process, both an
appropriate cellulose source and pre-treatment play a ma-
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TABLE 1: SWOT table for the application of nanocellulose in food packaging.

Strengths Weaknesses
Biodegradable Less affordable and accessible than conventional plastics
Compostable Higher production costs than conventional plastics
Recyclable Particular to a type of food

Can be obtained from a wide range of biological sources

Relatively low price compared to other biodegradable plastic alternatives
Biocompatible

Non-toxic

High crystallinity and polymerisation

High thermal stability and tensile strength

Low weight

Low density

Lowers permeability in applications

Improves gas barrier properties in paper packaging

Antimicrobial

Oxygen-scavenging

Ethylene-absorbing

Inhibits lipid oxidation

High moisture control

Supports high-quality and safe food storage and transport, increasing the
items’ shelf-life

* Reduced dependency on fossil fuels

No thermosealability
Lack in research

* Low water resistance in itself
* No global standards and sufficient regulations/legislation

Opportunities

Threats

Variety of waste can be used to obtain nanocellulose

More sustainable than conventional plastics

Supports circular economy

Applicable on a larger scale

Combination with other components improves their properties
Biodegradable additives can improve the lack of water resistance
Addition of essential oils gives the material antioxidant activity
Helps reduce waste disposal and greenhouse gas emission
Important current research topic

* Potentially harming the environment and human health causing insecuri-
ties for consumers and manufacturers

No guidelines and assurances for manufacturers

Potential migration to foods

Potential cytotoxicity

Advantages of conventional plastics: longevity, low production price, ap-
plicability

* Human behaviour and habits (social resistance to change)

jor role as supported by Ferrer et al. (2017) and Salimi et
al. (2019). Regarding use and disposal, for instance, when
using nanocellulose as a coating, the substrate material
has to show disposal properties similar to nanocellulose
to ensure that the coatings’ positive characteristics are
not overshadowed. In addition, although recycling nano-
cellulose food packaging is possible, its limitation due to
the downgrading of several characteristics, as explored by
Shanmugam et al. (2019), should not be forgotten.

4.2 Problems with nanocellulose and potential solu-
tions

The SWOT analysis shows several positive aspects of
nanocellulose in food packaging. Nevertheless, the sever-
ity of the elaborated weaknesses and threats is partly still
uncertain. For example, the potential harm to the environ-
ment and human health must be further examined as stat-
ed by Li et al. (2015). In particular, there is research and
data missing on the migration of toxic compounds to food
and its consequences, among others specified by Ashfaq
etal. (2022), Machado et al. (2022) and Perera et al. (2022).
This threat could be remediated by only using nanomateri-
als whose risks are studied and known, such as non-tox-
ic and allergy-free components. However, this might limit
the number of usable nanomaterials not because they are
not suitable but due to the lack of data. Another weakness
is nanocellulose’s inability to be heat sealed which might
make nanocellulose in food packaging incompatible with
current packaging processes and calls for a combination
with sealable materials as mentioned by Fotie et al. (2020).
Moreover, the more expensive and complex production in
comparison to conventional plastics as well as difficulties

to change human behaviour might hinder further imple-
mentation of nanocellulose in food packaging significantly.

A solution to reduce or eliminate several drawbacks
could be the involvement of authorities as supported by
Siddiqui et al. (2023) and Souza et al. (2020). In particular,
missing guidelines, standards, and assurances for manu-
facturers could be reduced by working towards new leg-
islation and regulations. Clear guidelines support both the
approach of research and the later usage of nanocellulose
in food packaging. Although nanocellulose in food packag-
ing is still in research and far from being fully implemented,
starting to develop and define a standard would improve
the later uniformity of this technology. Additionally, assur-
ances would reduce risks for manufacturers and encour-
age them to invest in this approach. Furthermore, subsidies
on research and production of nanocellulose would reduce
their costs and make the technology more attractive.

4.3 Possibilities offered by nanocellulose

Realising those suggestions would strengthen the pos-
itive aspects found in the SWOT analysis which comprise
a large part of the found data as can be taken from Table
1. An example is the combination of nanocellulose with
other components which increases its flexibility in applica-
tions and is thus a promising research field as emphasised
by both Ashfaq et al. (2022) and Ferrer et al. (2017). The
outcome of this research is still open as the variety and
number of possible composites are broad. Furthermore,
nanocellulose outcompetes conventional plastics in terms
of disposal by contributing both to a decrease in waste
amounts and waste types. This is due to the reduction of
plastic packaging or coating thickness, the possibility of
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fully replacing plastic coatings, its good compostability
and recyclability and the several applications of compost-
ed or recycled nanocellulose food packaging.

Therefore, nanocellulose supports a circular economy
and promotes two of the upper levels of the waste hier-
archy: waste prevention and waste recycling. The highest
level, waste prevention, is achieved by reducing waste
amounts and types as mentioned above. Additionally, na-
nocellulose’s capability to decrease microbial growth can
extend the freshness and quality of stored food which, in
return, may avoid food waste since less food has to be dis-
posed of due to spoilage, as stated by Siddiqui et al. (2023).
The third highest waste hierarchy level, waste recycling, is
supported both by using a variety of waste sources to pro-
duce nanocellulose and by nanocellulose’s own beneficial
characteristics with regard to its recycling.

4.4 Limitations and uncertainties

As the conducted literature review used peer-reviewed
academic publications, the quality and reliability of the
results are assumed to be high. However, the study’s fo-
cus on environmental aspects and possibilities of circu-
larity limited the analysis and discussion, and excluded
not only a technological, but also a social perspective. A
more socially oriented study could, for example, focus on
environmental awareness and a shift in society’s mindset
towards more environmentally friendly and circular pack-
aging options. In addition, the data availability restricted a
further, more detailed study which requires more research
in this still-very-new area. A more systematic and broad-
er literature review delivering more SWOT features for fu-
ture research is desirable. Moreover, SWOT analysis has
some limitations. It accords equal weight to all factors and
does not offer any solutions or plans of action. Therefore,
the SWOT analysis conducted could be supplemented by
quantitative or semi-quantitative approaches that include
prioritisation of the found aspects to remediate issues by
evaluating their severity and significance for the implemen-
tation of nanocellulose in food packaging.

5. CONCLUSIONS

Given the fact that plastics are the most common food
packaging material, yet cause various harmful environmen-
tal effects, finding biodegradable alternatives to them has
become one of the main research fields in waste preven-
tion and recycling. Nanocellulose is one that has drawn
the attention of researchers. Its characteristics have been
studied in the past. However, an extensive analysis of po-
tentials and drawbacks with regards to environmental
sustainability and circularity has not been conducted yet.
By performing a literature review, it was evaluated how na-
nocellulose is produced, currently used in food packaging
and disposed of. The potentials and drawbacks of nano-
cellulose as an alternative to conventional plastics were
analysed through a SWOT analysis.

Three steps of producing nanocellulose have been
identified and described, namely selecting cellulose sourc-
es, pre-treatment, and extraction. As manufacturers can
select from three alternative approaches - mechanical,

chemical, and biological -, current production procedures
allow for an individually designable implementation. The
study revealed a variety of applications which were divided
into coating for conventional food packaging and multi-lay-
er materials. The different possibilities for using nanocel-
lulose in food packaging were linked to its characteristics
and benefits, making the use customisable. The safe dis-
posal of nanocellulose is not much hampered; in fact, it
outperforms the disposal of plastics. The main potential
of nanocellulose is found in its features, which are overall
beneficial for use in food packaging. Also, it supports the
top tiers of the waste hierarchy. The novelty of the study
field, as well as high expenses, a lack of norms or guide-
lines, and potential hazards to people and the environment,
all contribute to the weaknesses.

Given the novelty of the research field, some threats of
nanocellulose are not yet fully understood, most notably
the potential migration to food. Further research is required
on this topic to evaluate the harm nanocellulose may have
in food packaging and whether it is applicable on a larger
scale. Overall, as the demand for sustainable packaging
materials continues to grow, the potential of nanocellulose
in food packaging on a larger scale could rise, contributing
to a more sustainable future for all.
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ABSTRACT

Water hyacinth is capable of inexplicably concealing an entire water body within two
weeks by forming thick mats due to its rapid proliferation intimidating the existence
of aquatic organisms. Therefore, this study is aimed to investigate the conversion
of WH to biogas, biomanure and soil conditioner (SC) through anaerobic digestion
(AD) and composting process. While composting was studied at the lab and pilot
scale using leaves and roots, the AD of WH at various food to inoculum (F/1) ratios
of 1,2, and 5 was carried out with leaves, roots, and a mixture of leaves and roots.
The study found that leaves can efficiently produce biogas at a 2:1 F/I ratio with 350
mL/g VS reduced methane and 63% CH,. The qualitative evaluation of biomanure
and SC from AD and composting processes revealed that the SC produced from
leaves is suitable for agriculture farming (Fenugreek and CoriandrumSativum) while
that of roots for horticulture (Hibiscus and Papaya). About 1200 tons of WH was
converted to 120 tons of soil conditioner to control the WH growth in Kapra Lake in

Hyderabad city.

1. INTRODUCTION

Water hyacinth (WH), also known as Eichhornia Cras-
sipes, is a promising feedstock for anaerobic digestion due
to its high proliferation rate and ability to withstand harsh
environmental conditions (Patil et al., 2014; Rezania et al.,
2015). The rapid reproduction of WH forms a floating cover
on water surfaces, obstructing light and oxygen, leading to
aquatic fauna death and significant impacts on sustainabil-
ity, economic growth, biodiversity, and human health. The
methods of control used to curb the extensive growth of
WH are found either to be not sustainable (chemical), not
cost-effective (mechanical), or may require a longer time to
degrade and stabilize (biological) (Barua and Kalamdhad,
2017; Bhui et al., 2018; Li et al,, 2021; Mathew et al., 2015).
However, the use of either of these methods is inevitable
because the WH growing in water bodies if left unattended
would lead to the extinction of aquatic life.

WH can be utilized efficiently for phytoremediation,
compost production, enzyme extraction and bioenergy
generation via biological pathways (Barua and Kalamdhad,
2017;llo et al., 2020). In India, most of the domestic waste-

water is released into the water bodies resulting in the ac-
cumulation of micro and macro nutrients along with heavy
metals leading to eutrophication. Moreover, heavy metals
do not decompose throughout the composting process
since they are inert components. Therefore, repeated long-
term applications of manures and compost may cause
heavy metal components to accumulate in agricultural soil
to dangerous levels, which may have an impact on crop
yield and health (Rashid et al., 2023). The corresponding
detection limits for lead, zinc, cobalt, copper, nickel, and
cadmium were 0.4 ugL™",0.012,0.2,0.17,0.11, and 0.2 ug
L"(Smirnova et al., 2021). Heavy metals such as phospho-
rus and nitrogen in water cause algal overgrowth, causing
fish and aquatic species to die due to reduced oxygen lev-
els caused by algae death and decomposition.

However, heavy metal accumulation in roots may hin-
der biological processes (Sanmuga Priya and Senthamil
Selvan, 2017). Biological stabilization of waste material is
found to be efficient with substrates having high moisture
content. WH is an aquatic weed which has more than 90%
of moisture which by itself declares the suitable of the sub-
strate for biological valorization (Islam et al., 2021). Further,
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the WH consists of abundant organic matter in the form of
volatile organic and chemical oxygen demand which can
be efficiently utilized for the generation of bioenergy or its
conversion to biofertilizer. Although the WH contains bio-
degradable organic matter, it contains lignocellulosic ma-
terial, heavy metals which may substantially hinder the an-
aerobic digestion process for biogas generation (Koyama
et al,, 2015; Pellera and Gidarakos, 2018).

Nevertheless, optimizing the critical operational pa-
rameters may facilitate efficient biogas production from
WH despite its inherent disadvantages. One of the critical
parameters in AD is the feed to inoculum (F/I) ratio, that
is defined as the ratio between VS of feed and VS of in-
oculum used. Determination of ideal F/I ratio is necessary
to prevent process imbalance due to depletion of food or
stressed organic loading resulting in stocked up interme-
diate products that hinder the activity of microorganisms
(Castro and Agblevor, 2020). A study reported by (Nugraha
et al., 2018) illustrates that Food to Microorganism (F/M)
ratio of 0.2 resulted in the maximum methane of 164.7 g/g
COD, while the substrates such as food waste under differ-
ent operating conditions results in the generation of broad
range of cumulative biogas yields between 300 - 600 mL/g
VS (Begum et al., 2016; Kuruti et al., 2017). The low amount
of biogas produced by WH (53-58% methane) and 45.18%
methane can be ascribed to the presence of lignocellulos-
ic complex, heavy metals and bacteria which impede the
microorganisms’ ability to produce biogas. The available
literature on the AD or composting of WH is demonstrated
with the complete plant but the novelty of this study lies in
the AD of WH with leaves, roots, and a combination of both
(Barua and Kalamdhad, 2017; Unpaprom et al., 2021).

Further, in the recent past, application of organic ma-
nure has shown a significant interest and impact on farm-
ing in comparison to chemical fertilizers and the rising de-
mand of health-conscious food consumers, preferring food
which is cultivated with bio manure application rather than
chemical fertilizers (Vidya and Girish, 2014). The digestate
or the compost derived from AD and composting can be
used as biomanure/biofertilizer. An added benefit of bio-
manure is that it encourages the growth of nitrogen-fixing
bacteria, whereas artificial fertilisers inhibit this growth due
to their high acid content. Accelerated Anaerobic Compost-
ing (AAC) specified as the anaerobic composting process
that yields finished compost in less time with the addition
of cow dung and Anaerobic mixed microbial consortia
(AMMC) in large piles for adequate treatment of WH. Fur-
thermore, it is interesting to note that WH can sequester
large amounts of CO, from the environment which creates
a positive impact in the reduction of GHGs and stabilizing
the WH in anaerobic environment would curb the release
of GHGs.WH is rich in organic matter, making it a suitable
feedstock for anaerobic digestion and generates meth-
ane, which can be used as a renewable energy source for
electricity generation or as a fuel. The implementation of
biogas plant or a composting unit for the valorization of
WH depends on the utilization of product at the source of
waste treatment facility. Besides, WH plays a crucial role
in absorbing carbon dioxide (CO,) from the atmosphere
and storing carbon within its biomass. This weed acts as

a carbon sink, aiding in the mitigation of climate change
by reducing atmospheric CO, levels and consequently de-
creasing global warming. For instance,in Assam, India, the
density of WH was 10.37 plants/m? during the pre-mon-
soon season, which increased to 21.56 plants/m? in the
monsoon and post-monsoon seasons. However, it de-
creased to 25.91 plants/m? in winter (Lahon et al., 2023).
Reports on tropical lakes suggest that the rapid growth of
water hyacinth results in a substantial intake of carbon di-
oxide (CO,) at rates ranging from 3.4 to 5.4 g C-CO, m?
day”(Junior et al., n.d.).

This study is aimed to valorize WH in two ways via an-
aerobic processes. In the first method, AD of WH has been
investigated to study the impact of substrate composition
(roots, leaves and mixture of roots and leaves) and F/I ratio
on biogas and biomanure generation potential. The perfor-
mance of AD is studied in terms of biogas yield, methane
(%), VS reduction (%), volatile fatty acids and pH profile. In
the second approach, the WH is converted to soil condi-
tioners with leaves and roots separately via AAC process
at lab as well as pilot scale. As the digestate obtained from
AD process can also be utilized as fertilizer, this study has
made a comparative quantitative and qualitative analysis
of biomanure, and soil conditioner generated via AD and
ACC process respectively for leaves, roots and combina-
tion of both. The performance of composting process is
assessed based on the response of plants growth (Fenu-
greek and Coriandrum Sativum). The pilot scale demon-
strated for the cleaning of Kapra lake is the first of its kind
project in the country where 1200 tons of WH is removed to
produce soil conditioner.

2. MATERIALS AND METHODS

2.1 Water hyacinth collection and sample prepara-
tion for laboratory scale experiments

About 50 kg of freshwater hyacinth weed was pulled
out from Kapra Lake in Hyderabad which was washed to
remove mud tangled with WH roots and leaves. The WH
was then cut into three parts namely leaves, stalks and
roots as shown in Figure 1. The chopped leaves, roots
and stalks were coarsely ground into a paste separately
with particles of approximately 0.5-1 cm. In addition to
both these substrates, a third substrate was prepared with
both the pastes mixed in 1:1 ratio. All the three substrates
were analysed for total and volatile solids (TS and VS) and
stored at 4°C for further experimental studies on anaerobic
digestion (AD). The same substrate is used for AAC with
a composition of 30% inoculum (AMMC + Cow dung) and
70% of substrate.

2.2 Inoculum

Anaerobic mixed microbial consortia (AMMC) was col-
lected from the inhouse biogas plant facility operated with
food and vegetable waste generated in the departmental
canteen. The AMMC was used as seed inoculum for AD
experiments while a mixture of cow dung and AMMC in
the ratio of 1:1 was used for composting experiments.
About 50 L of AMMC was collected from an existing bio-
gas plant operated at mesophilic temperature with cooked
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FIGURE 1: The whole WH and the chopped leaves, stalks and roots.

and uncooked (vegetable waste and peels) food waste as
feedstocks in Hyderabad while the cow dung was procured
from the nearby farm. Both the AMMC and cow dung were
analysed for TS and VS to design the experiments.

2.3 Characteristics of substrate and inoculum

The characteristics of substrates, AMMC as well as
cow dung in terms of pH, TS and VS is as follows. The pH
of Leaves (L), Roots (R), L + Rin 1:1 ratio, AMMC and Cow
dung are 6.8, 8.4, 6.9, 7.0 and 7.1 respectively. The TS (%)
of L,R,L+ R, AMMC and Cow dung are 6.6, 8.3, 6.9, 3.8 and
11 respectively. Similarly the VS (%) of L, R, L + R, AMMC
and Cow dung are 6.4, 6.9, 6.2, 2.7 and 7 respectively. The
VS of substrate and inoculum was used to design the ex-
periments.

2.4 Experimental setup and operational strategy

The potential of WH as an alternative raw material for
biogas, biomanure and soil conditioner generation was
assessed via two anaerobic processes namely, anaerobic
digestion (AD)/biomethanation and composting.

2.4.1 Configuration of anaerobic digestion experiments
based on food to inoculum (F/I) ratio

A set of nine anaerobic batch reactors of 500 mL
with an effective volume less than 380 mL with required
arrangements for feed inlet, gas collection and sampling
were operated in parallel along with their duplicates for 30
days. The substrate composition in reactors R1, R2 and R3
was Leaves, Roots and mixture of leaves and roots in 1:1
ratio which remained same in all the reactors. The detailed

composition of reactors designed based on the VS content
in substrate and AMMC is summarized in Table 1. As can
be seen from Table 1, that the reactor R1-L, R2-R and R3-
L+R were designed with 30% AMMC and 70% substrate of
the effective volume which was found to be operated at
an F/I ratio of ~5 while the other reactors were designed
to achieve a desired F/I ratio of 1:1 and 2:1 respectively. In
addition to these reactors, a set of two blank reactors only
with inoculum were set to determine the biogas generation
potential of the inoculum. The biogas generated from the
inoculum was deducted from the biogas produced from
the other reactors to determine the biogas generation po-
tential of the substrate. All the reactors were operated at
mesophilic temperature (37 + 2°C) placed in a water bath
shaker at an rpm of 100. The pH of the reactors was not
controlled as the substrate as well as the inoculum was at
neutral or slightly alkaline pH. Reactor samples were with-
drawn on 10" day to check the variation in performance
indicators such as VFA and pH and compared to that of
initial and final day samples. There is a limit to the ability of
bacteria to feed on substrate, or the substrate has entirely
broken down and no gas is being produced. Thus, in order
to produce gas, more bacteria or substrate must be sup-
plied. The biogas generated was measured every day and
analysed for its composition through GC.

2.4.2 Composting of Water hyacinth

Two anaerobic composting reactors (ACR) of 50 L vol-
ume were used to perform composting experiments with
leaves and stalks (ACR1) and roots (ACR2) as shown in
Figure 2. The effective volume of reactors was 35 L which

TABLE 1: Composition of reactor contents based on definite inoculum volume and F/I ratio.

Reactor label Substrate (g) AMMC (mL) EquivalentgVs_, .. Equivalent gVs,,,,, F/1

R1-L 245 105 15.7 2.8 5.60
R2-R 245 105 16.9 2.8 6.03
R3-L+R 245 105 15.2 2.8 5.42
R1 (1:1) 110 240 7.04 6.5 1.08
R2 (1:1) 110 260 7.59 71 1.07
R3 (1:1) 110 240 6.82 6.5 1.05
RT(2:1) 155 180 9.92 5.0 2.04
R2 (2:1) 160 200 11.04 5.4 2.04
R3 (2:1) 170 190 10.54 5.1 2.05
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were fed with 30% inoculum (AMMC + Cow dung) and 70%
of substrate. Each reactor was fed with 24.5 kg of respec-
tive substrate, 5.25 L of AMMC and 5.25 kg of cow dung.
Further, the reactors were supplemented with micro and
macronutrients solutions of 10 mL each to ensure better
activity of the microorganisms. The reactors were operated
at ambient temperature and ensure proper mixing of inocu-
lum and substrate, then tightly sealed with the lid to ensure
perfect anaerobic environment. The possibility of biogas
generation in these reactors is less due to ambient tem-
perature conditions. This is because the process of AD for
biogas generation occurs efficiently either at mesophilic or
thermophilic temperature but not psychrophilic. The prod-
uct after 40 days of composting has been spread and sun
dried and the dried material referred to as soil conditioner
was analysed for N, P,0, and K,0 as mentioned earlier.

2.5 Analytical methodology

The three substrates (leaves + stalks, roots and mix-
ture of leaves + stalks + roots) along with AMMC and cow
dung were initially characterized individually for pH, TS,
VS, moisture content (MC) and chemical oxygen demand
(COD) as per the standard chemical procedures (Ameri-
can Public Health Association. Andrew D., American Wa-
ter Works Association., Water Environment Federation.,
2005). Further the substrates were also analyzed for car-
bon (C), nitrogen (N) and sulphur (S) using CHNS analys-
er (Vario micro cube elementar, Germany), heavy metals,
Phosphates (P,0,), potash (K,0) using inductively coupled
plasma - optical emission spectrometry (Thermo scientific,
model: iCAP6500DUO). The reactor samples from AD and
composting experiments were analyzed for pH and VFA on
initial day, 10" and 30t day. VFAs were analyzed using High
Performance Liquid Chromatography (HPLC) (LC- 10 AT,
VP, Shimadzu, Japan) equipped with ultra-violet detector
(C18 chromasil column was used under mobile phase con-
ditions using 0.001 N, 90% H,SO, in aceto nitrile). The flow
rate and the temperature of the column were maintained at
0.6 mL/min and 30°C respectively. The volume and com-
position of biogas was analyzed using wet gas flow meter

FIGURE 2: Composting of WH leaves & stalks and roots in 50 L
containers.

(IS1 068; INSCIN private Itd) and Gas Chromatography (GC)
respectively which was equipped with TCD detector oper-
ated at 250°C at a flowrate of 1 L/min and a plot capillary
column at 38°C, injector temperature at 200°C (TCD, GC
2010, shimadzu, Japan).

2.6 Evaluation of Kinetic potential parameters of AD
of WH

The modified Gompertz model is an empirical non-lin-
ear regression model that is used to analyze the lag phase
(M) in days of AD of WH as shown in equation (1) (Begum et
al., 2020). All the data obtained from AD experiments were
analyzed using IBM SPSS software version 24.0.

Y =M *Exp {-Exp [((Rm *2.718)/M) * (A-t) + 1]} (M)

where:

Y= Cumulative biogas generation at time‘t’ (L)

\ = Lag phase (day)

M = Highest biogas generation potential (mL)
Rm = Maximum biogas generation rate (mL/day)

3. RESULTS AND DISCUSSION
3.1 Physio-chemical characterization of WH

The extent of biological conversion of any substrate to
value-added products is determined based on the presence
of quantity of volatile organic matter and the recalcitrant
substances. Therefore, the physico-chemical characteris-
tics of WH were analyzed for roots and leaves separately
and the average values are presented in Table 2. The BOD/
COD, C/N and the V/S ratio of WH leaves illustrate that the
leaves and stalk portion are biodegradable and suitable for
AD process as the required C/N ratio for AD falls between
20 and 30 (Barua and Kalamdhad, 2019). The pH, C/N and
the BOD/COD ratio for roots of WH seem not favourable
for AD process which means that roots have to be co-di-
gested with other substrates for better outputs. Further,
the concentration of heavy metals like Hg, Pb, As,O,, Cr,
Cu and Cd are higher in roots that hinders AD compared to
leaves. According to World Health Organisation guidelines,
the allowable limits of some heavy metal ions in drinking
water are as follows: chromium: 5.69 ppm, copper: 11.31
ppm, zinc: 22.8 ppm, etc. Besides, the cumulative genera-
tion of biogas and methane volumetric concentration in an
AD using olive mill waste as the substrate were 64.6% and
0.426 Nm?®/kg VS, respectively. While the concentration of
CH,was higher, the biogas generation with the addition of
nickel dropped to 0.083 Nm?®/kg VS as compared to no ad-
dition at all. As a result of the addition of copper and chro-
mium, the overall production of biogas dropped by 0.233
Nm?3/kgVS (Alrawashdeh, K.A.b.; Gul, E.; Yang, Q.; Yang, H.;
Bartocci, P; Fantozzi, 2020). Therefore, the leaves and stalk
portion of WH plant are more amenable for AD or compost-
ing than roots. Zinc and Copper were the highest recorded
metals in roots at 22 and 12 ppm of dry weight, respective-
ly. In accordance with literature, it was observed that WH
can be used as indicator for heavy metal water contamina-
tion. Since this plant grows extensively on water bodies, it
can be utilized for phytoremediation due to its high metal
uptake capacity and later can be converted to biogas com-
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TABLE 2: Physico-chemical characteristics of WH leaves and roots.

Parameter WH leaves WH roots
C (%) 39.26 38.27
H (%) 5.72 5.46
N (%) 1.5 2.0
S (%) 0.32 1.27
C/N 26 19
TS (%) 6.6 8.3
VS (%) 6.4 6.9
VS/TS 0.96 0.83
COD (mg/L) 56,000 48,000
BOD (mg/L) 32,000 21,200
BOD/COD 0.57 0.43
pH 7.1 8.89
Arsenic (As,0,) (mg/kg) BD* 2.87
Cadmium (Cd) (mg/kg) BD* 0.19
Chromium (Cr) (mg/kg) 3.69 5.69
Copper (Cu) (mg/kg) 1.64 11.31
Mercury (Hg) (mg/kg) BD* 0.47
Nickel (Ni) (mg/kg) 0.12 1.54
Lead (Pb) (mg/kg) 0.54 2.94
Zinc (Zn) (mg/kg) 8.93 22.8

BD* Below detection limit

bined heat and power applications and biomanure and soil
conditioner for soil nourishment. Therefore, bioconversion
of WH via AD and composting process can be regarded as
a means of eradication by re-utilization.

3.2 Effect of substrate composition and F/I ratio on
the biogas generation profile and yield

The daily biogas generation profile and the cumulative
biogas yield obtained from AD of WH with different sub-
strate composition and varied F/I ratio is graphically pre-
sented in Figure 3. The gas production of inoculum was
measured and subtracted from the gas production of
feedstock and the final amount of gas was included in the
data. As can be seen from Figure 3 (a) that the daily biogas
generation was < 100 mL/day in reactors R2 operated with
roots which is relatively lower than R1 and R3 which were
operated with leaves and mixture of leaves and roots of
WH respectively which could be attributed to the presence
of higher concentration of heavy metals like Pb, Cu, Hg, Cr
and As,0, in roots. Presence of other metals such as Zn
and Ni might have favoured biogas generation but couldn’t
eliminate the inhibitory effects of other heavy metals that
proven to be toxic to micro-organisms (Guo et al., 2019).
The critical factors that affect the performance of AD are
pH, organic loading rate (OLR), hydraulicretention time
(HRT), temperature, solids consistency, food to inoculum
and carbon to nitrogenratio, availability of nutrients, micro-
bial community, presence of inhibitors, etc. If the maximum
daily biogas production from reactors R1 is compared, the
biogas generation sharply increased from 60-140 mL/day

from Day 2 to 12 at an F/I ratio of 2:1 while it took longer
time in R1-L (day 14-17) which was operated with 30% in-
oculum and 70% substrate i.e., F/I ratio of 5 to produce
maximum biogas of 150 mL/day. This indicates that the
balance of food and micro-organism number is essential
to prevent organic loading shock and facilitate biogas pro-
duction from even hardly biodegradable substrates. As the
biogas generation process is a biological process depend-
ant on the activity of biomass, the maintenance of optimal
F/I ratio in the reactor is important to ensure availability
of the active biomass to the amount of food, balance in
their nutrient availability, maintenance of pH etc., are some
of the critical performance indicators resulting in efficient
biogas production. In the present study, at an F/I ratio of
2:1, the biogas generation increased from day 2 to 12 in-
dicating the optimal F/I and C/N ratio. In contrast to that,
the reactor R1-L with only leaves exhibited lagphase as the
reactor did not had adequate nitrogen to maintain optimal
C/N ratio. Therefore, the study concludes that the optimal
F/I ratio varies depending on the specific characteristics
of the feedstock and the microbial community. Generally,
a balanced F/I ratio is crucial for efficient biogas produc-
tion. Too high of a substrate concentration (high F/I ratio)
may lead to process inhibition, while too low of a substrate
concentration may result in underutilization of the microbi-
al capacity.

Similarly, from Figure 3 (b) it can be observed that the
maximum cumulative biogas yield that can be achieved
from roots of WH (R2) is between 120 to 160 mL/g
VSreduced, while it is between 220 - 352 mL/ g VS re-
duced from leaves (R1) and 189 to 301 mL/ g VSreduced
from mixture of leaves and roots (R3). The maintenance of
F/I ratio played a role in biogas generation which is evident
from the maximum yield obtained at F/I ratio of 2:1 than
1:1 or 5:1. A study reported by (Raposo et al., 2009) demon-
strated the increase in F/I ratio may lead to the accumu-
lation of VFA during the process. Accumulation of VFA in
higher F/I ratio reveals the kinetic uncoupling between acid
producing and acid consuming microorganisms. It was re-
ported that the F/I ratio of 1:2 was found to be ideal for sub-
strates like food waste to prevent accumulation of acids,
but in the present study, the higher F/I ratio of 5 is favoured
but at 2, the biogas generation was better compared to 1
and 5 (Begum et al., 2021). The maintenance of F/I ratio
and proportional mixing of roots and leaves have favoured
the process because the maximum biogas generation was
observed in reactors R1 and R3. This indicates that the bi-
omethanation of roots alone is not a feasible option but
could be made suitable for biogas generation when the car-
bon rich stalk and leaves are co-digested.

3.3 Performance evaluation of anaerobic digestion
of water hyacinth: Impact of F/I ratio and substrate
composition on methane yield, methane concentra-
tion and volatile solids reduction

The biogas generation potential from WH investigated
at different F/I ratios and substrate composition is illus-
trated in terms of VS reduction (%), methane yield and con-
centration as shown in Figure 4. As can be seen from Fig-

16

G.R. Anupoju et al. / DETRITUS / Volume 27 - 2024 / pages 12-26



160
E 140
2 ——R1-L
g 120 -~ R2-R
=h
e T4
_g 100 R3-L+R
2 .
5 R1(1:1)
g5 * —=—R2(11)
@ 60 —=—R3(1°1)
2 ——R1(2:1)
2 40
E ——R2 (2:1)
20 ¥ —=—R3(2:1)
0 I
0 3 6 9 12 13 18 21 24 27 30
Time (Days)
(b) 400
3 350 A
E p A
o _pc
=0 <= R T )
: et
g = s
':g 250 os R2 R
o ! " = —R3I-L4R
= af e
2 G W e POwS=T R1(1:1)
gé a - ad P o B e 1 R Y A1) ; =
2150 { o _ S 06000009 —R2(1:1)
a8 S o —=—R3 (1:1)
= 1 o - = - )
5 10 ST ——R1@2:1)
§ 50 ——R2 (2:1)
2 ——R3 (2:1)
0
0 18 21 24 27 30
Time (Days)

FIGURE 3: Influence of substrate composition and F/I ratio on the biogas generation (a) Daily biogas generation profile, (b) Cumulative

biogas yield.

ure 4 that the maximum biogas yield that can be achieved
is 350 mL/g VSreduced from leaves of WH at an F/I ra-
tio of 2:1 followed by a combination of roots and leaves
i.e., 300 mL/g VSreduced in R3 with a corresponding CH,
concentration of 63% and 64% and VS reduction of 69%
and 63% respectively. According to a study, the methane
concentration is 60% for 40 days despite the macrophytes
Brachiaria, Oxycariumcubense, Eichhornia crassipes, Pis-
tiastratiotes, and Salvinia being processed at 120°C, with
Brachiaria having the greatest lignin content (Paulo et al.,
2021). A study reported by (Barua and Kalamdhad, 2017)
stated that highest biogas yield that can be achieved from
untreated WH at an F/I ratio of 2 is 250+14 mL/g VS (57%
CH,) on the 32nd day whereas in the present study, the
maximum biogas yield of 350 mL/g VS with 63% CH, was
obtained at the same F/I ratio of 2:1 which is 40% higher,
however the study is in agreement with the optimized F/I
ratio of 2:1. Different studies yielded different amount of
biogas and methane in certain peiod of time with varying
F/I ratios. In a study reported by Simbayi, the biogas yield

was 185 ml/g Vs with an F/I ratio of 2:1, generating 65%
methane in 45 days (Simbayi et al., 2023). At the same F/I
ratio, Wembe reported biogas yield of 175 ml/g Vs with
51% methane in 42 days (Wembe et al., 2023). At an F/I
ratio of 1:1, three studies by Ali, Bote and Pachaiyappan
yielded 226, 170 and 200-300 ml/g Vs of biogas with 50,
45 and 24% methane during 35, 32 and 30 days residence
time respectively (Ali and Sun, 2019), (Bote et al., 2020)
and (Pachaiyappan et al., 2014). It is interesting to note
that the present study demonstrated superior biogas
yields amongst all the reported literature at an F/I ratio of
2:1 with an yield of 350 mL/g VS_, ... The methane con-
tent in biogas is also notable with 63% CH,.

From roots of WH, the maximum biogas yield that can
be obtained is 160 mL/g VSreduced at an F/I ratio of 2:1 at
a corresponding VS reduction and CH, % of 60% and 62%
respectively. Another interesting observation that can be
made from Figure 4 is that concentration of CH,in biogas
can be achieved above 60% if the F/I ratio is maintained
at 1:1 or 2:1 while it drops down to 56% if the F/I ratio is
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FIGURE 4: Performance evaluation of AD of WH at different F/I ratios and substrate composition in terms of VS reduction (%), methane

yield and concentration.

increased to 5 which is evident from the numerical shown
in R2-R and R3-L+R. In summary, the results presented in
Figure 4 illustrate the AD of WH results in minimum yield
of 220 mL/g VSreduced and maximum reaching up to 350
mL/g VSreduced upon maintaining suitable F/I ratio and
substrate composition. The results obtained in this study
agree with the study carried out by O’Sullivan et al., (O’Sul-
livan et al., 2010) who has demonstrated the biomethane
potential of WH to be 292 + 43 g/g VS respectively. The
substrates such as food waste under different operating
conditions results in the generation of broad range of cu-
mulative biogas yields between 300-600 mL/g VS.

3.4 Effect of major performance indicators on the
biogas generation potential of water hyacinth
The concentration of VFA in the reactors and its impact

on pH was regarded as the major performance indicators
in AD process. To assess these performance indicators,

samples were withdrawn on 10" day and analysed for VFA
and pH. The VFA, pH and biogas profile on 0™, 10" and 30%
day along with% increase in VFA and biogas is presented in
Table 3. It can be interpreted from Table 3, that the concen-
tration of VFA increased substantially from 0 to 10" day in
all the reactors with % increase in VFA ranging between 80
to 208%, which is indictive of dominance of hydrolysis in
the reactors by the conversion of complex organic material
to bio accessible organic acids than the methanogenesis,
because the biogas generation from the reactors was less
than 50% from day 0 to 10 while it increased substantially
from day 11 to 30 (i.e., 52 to 208%), because the consump-
tion of acids had taken place during that period of oper-
ation except for reactor R1(1:1) (Table 3) (Ganesh et al.,
2005). The reactors R1, R2 and R3 operated with L, R and
L+R and reactors at an F/I ratio of 2:1 showed relatively
higher increase in VFAs compared to reactors at F/I ratio
of 1:1 which could be attributed to the abundant availability

TABLE 3: Effect of performance indicators such as VFA and pH profile on biogas generation potential of WH.

VFA (mg/L) pH Biogas generation, (mL/g VS)
% %
Reactor % Utilioza- Increase
Oth Day : 10th Day : 30th Day : Increase tion Oth Day : 10thDay : 30thDay : OthDay : 10th Day : 30th Day in cu-
in VFA mulative
of VFA .
biogas
R1-L 1.2 3.7 1.8 208 51 6.9 6.4 7.2 0 710 1754 147
R2-R 0.7 1.6 1.1 129 31 7.1 6.8 8.1 0 275 847 208
R3-L+R 0.8 2.4 1.2 200 50 7 6.6 7.6 0 385 1468 281
R1 (1:1) 1.1 2.9 1.4 164 52 6.8 6.6 71 0 640 700 9.4
R2 (1:1) 0.9 1.7 1.1 89 35 6.9 6.5 7.8 0 190 341 79
R3 (1:1) 1 1.8 1.2 80 33 6.9 6.7 7.5 0 360 655 82
R1 (2:1) 0.9 2.3 0.6 156 74 7 6.5 7.3 0 880 1516 72
R2 (2:1) 0.8 1.8 1.1 125 39 7.1 6.7 7.6 0 420 640 52
R3 (2:1) 0.8 2.1 0.7 163 67 7 6.6 7.2 0 660 1332 102

0Oth, 10th, and 30th day VFA is measured in ‘mg/L’
0th, 10th, and 30th day Biogas generation is measured in ‘L’
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of food to micro-organisms for conversion while opposite
is the case in reactors at an F/I ratio of 1:1. The increase
in VFAs from day 0 to 10 resulted in the reduction of pH
considerably to less than 6.8; therefore, the anaerobic
chamber is purged with an inert gas, generally nitrogen, to
remove most oxygen. However, the consumption of VFAs
began after day 10 which in turn improved the biogas pro-
duction due to the predominant activity of acetoclastic and
hydrogenotrophic methanogens during acidogenic and
methanogenic process of AD. This observation agrees with
the observation made by (Barua and Kalamdhad, 2019)
who had demonstrated the AD of pre-treated, untreated,
and co-digested WH. These observations indicate that, to
anaerobically digest the WH, a longer residence is needed
which should be more than 30 days or a pre-treatment step
is required to improve the hydrolysis rate and % increase in
VFAs within 5 days of operation. On 30th day, the pH levels
in the reactors varied from 7.2 to 8.1, indicating that the
reactors were operating in anaerobic conditions with low
levels of methane production.

3.5 Kinetic potential evaluation of biogas generation
from water hyacinth

The kinetic parameters of AD of WH were evaluated
using modified Gompertz model equation is presented in
Table 4. It can be observed from Table 4 that the substrate
composition and F/I ratio had its effect on the lag phase of
the process. This is due to certain cells that exhibit growth
and metabolic lag, particularly those with more stringent di-
etary needs. This time frame might align with the duration
required for the concentration on essential intermediaries
to build up (Bertranda, 2019). In particular, the lag phase
in the reactors operated with roots alone and mixture of
roots and leaves of WH showed longer lag phases ranging
between 3.5 and 6.6 days while the reactors operated with
leaves alone showed shorter lag phases ranging between
3.5t0 4.7 days. Furthermore, the rate of biogas generation
from the reactors R2-R,R2 (1:1) and R3 (2:1) was 73,27 and
83 mL/day respectively which is much lower compared to
that of R1-L, R1 (1:1) and R1 (2:1).

The experimental data was found to be a good fit to
the modified Gompertz model equation which can be as-
certained from the R? values as shown in Table 4. The ex-
perimental and predicted biogas generation obtained from
WH is plotted and shown in Figure 5. The difference in the
experimental and predicted biogas is not substantial which
again affirms the good fit of the experimental data to the
Gompertz model equation.

3.6 Quantitative and qualitative evaluation of nutri-
ents in biomanure and soil conditioner generated
from water hyacinth in lab scale experiments

The sun dried anaerobic digestate i.e., biomanure and
soil conditioner generated at the end of the AD and com-
posting experiments respectively were further analysed for
macronutrients, namely nitrogen (N), phosphorous (P,0,),
and potash (K,0). The quantity of biomanure and soil con-
ditioner produced along with their nutrient concentration
is tabulated and shown in Table 5. The quantity of bioma-

TABLE 4: Kinetic potential parameters evaluated using modified
Gompertz model.

Reactor Label M (mL) Rm (mL/day) A (Days) R?

R1-L 2464 133 4.7 0.998
R2 -R 1122 73 6.6 0.998
R3-L+R 1853 112 6.7 0.998
R1 (1:1) 1340 99 3.3 0.999
R2 (1:1) 531 27 3.6 0.996
R3 (1:1) 1015 87 5.6 1.0

R (2:1) 2396 133 3.5 1.0

R1 (2:1) 1060 83 45 0.998
R1 (2:1) 1992 105 35 0.999

nure produced after AD and composting was estimated by
mass balance in terms of TS, VS and fixed solids (FS) as
shown in Table 7. The nutrient values obtained from bioma-
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FIGURE 6: The whole WH and the chopped leaves, stalks and roots.

nure, and soil conditioner were compared with the stand-
ards given by the FCO (Fertilizer Control Order) for organic
manure (FCO, 1985). The end product obtained from roots
and leaves of WH is shown in Figure 6. From Table 5, a
substantial difference in the quantity of biomanure and soil
conditioner generation is observed i.e., 0.14 and 0.13 kg
of soil conditioner is produced from 1 kg of substrate via
composting process while in AD it was found to be 0.44,
0.62 and 0.53 g for leaves, roots and leaves + roots per g
of total solids. For leaves and roots, WH determined that a
C/N ratio of 25-32 was suitable to reduce or prevent ammo-
nia inhibition at thermophilic AD (Krakat et al., 2017).

Further, the nutrient value in terms of N, P,0, and K,0
for organic manure as per the standards of FCO is 0.5 each
while in our study, the nutrients in leaves, roots and mixture
of leaves and roots varied greatly in both AD and compost-
ing processes. The N concentration was relatively higher
manure and conditioner produced from roots as feed either
directly or in mixture with leaves. This could be due to nat-
ural assimilation of N from soil by roots compared to plant
leaves and stem. Nevertheless, the low N in anaerobic di-
gestate compared to anaerobic compost could be fact that,
most of the N content would have been consumed by the
methanogens for the generation of biogas as they require
an optimum C/N ratio between 25 and 30. In the same way,
P,0, and K,0 concentrations found to be low in biomanure
generated from both the rectors operated with leaves as
feed than other two reactors. The results suggested that
it is feasible to produce good quality fertilizer with desired
macro nutrients from WH plant waste that is superior to the
standards prescribed FCO with less cost.

3.7 Demonstration of accelerated anaerobic com-
posting of WH to clean the KapralLake in Hyderabad
city: A pilot scale societal project

The experimental results from the bench scale exper-
iments of WH indicated that composting could be one of
the best options to be implemented at pilot or full scale
to create wealth out of waste weed. Composting the
leaves and roots of WH is done separately because the
concentration of heavy metals is high in roots with more
absorption capacity. One of the lakes in Hyderabad city
called Kapra lake or Oora Cheruvu which spreads around
1254 m near Sainikpuri in the north-east part of Greater
Hyderabad has become hazardous to the aquatic fauna
(“Kapra Lake,” n.d.). Therefore, in association with the lo-
cal policy makers, an initiative has been taken to install
the pilot plant at Kapra lake, as it is filled with WH. The
composting process proven successful in the laboratory
experiments and has been implemented at the pilot facil-
ity where, 1200 tons of WH is pulled out using JCB and
boats followed by washing and chopping into roots, stalks
and leaves separately as shown in Figure 7. The leaves
and roots were chopped into small pieces using a chaffer
machine. About 30 compost pits have been constructed
for composting, 15 each for roots and leaves of WH and
about 4 tons of chopped WH was fed into each pit. The
compost pits were initially added with equal quantity of
cattle dung and AMMC developed in the laboratory to
maintain the methanogenic population and subsequently
the WH was thoroughly mixed with the inoculum in each
pit maintaining appropriate moisture. Daily samples were
collected through sampling ports were made to ensure

TABLE 5: Comparison of quantity and quality of biomanure and soil conditioner to that of organic manure by FCO.

Parameter/ Biomanure (kg/kg substrate) Soil Conditioner (kg/kg substrate) FCO(:?:)dard desvtizlt‘i(:) an"(is)
Label R1-L R2-R R3-L+R ACR1 ACR2 Organic manure

Eg Elzggt’r‘:é 0.44 0.62 0.53 0.14 013 0.225

N (%) 0.32 0.85 0.64 0.46 10.09 0.5 4.263
P,0, (%) 0.16 0.42 0.38 0.48 0.46 0.5 0.151
K,0 (%) 0.18 0.34 0.36 0.5 0.57 0.5 0.151
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TABLE 6: Detailed compositional analysis of soil conditioner produced from leaves, roots and organic manure by FCO.

According to FCO, Sched-
ule-iv, specification of

Parameters Water hyacinth roots Water hyacinth leaves . Standard deviation (S)
organic matter Standard
values - Organic manure
MC by weight (%) 32.33 12.18 25 14.248
Colour Brown Green - -
Odor Ammonia smell Wet grass smell - -
Bulk Density (g/cm?) 0.21 0.31 <1.0 0.070
Total Organic Carbon, wt. 16.23 0.83 14 10.889
(%), minimum
Total Nitrogen (as N), wt. 10.09 0.46 0.5 6.809
(%), minimum
Total Phosphates (as P,0,), 0.46 0.48 05 0.014
wt. (%), minimum
'I;otal eqash (as K,0), wt. 057 050 05 0.049
(%), minimum
C:N ratio 19:1 39:1 <20 -
pH 8.72 9.10 6.5-7.5 0.268
Conductivity (as dsm-1), Not 216 1.21 Not more than-4.0 0.671
more than
Arsenic (as As,0,) (mg/kg) 2.87 Below detection Maximum- 10 -
Cadmium (as Cd) (mg/kg) 0.19 Below detection Maximum-5 -
Chromium (as Cr) (mg/kg) 5.69 3.69 Maximum-50 1.414
Copper (as Cu) (mg/kg) 11.31 1.64 Maximum-300 6.837
Mercury (as Hg) (mg/kg) 0.47 Below detection Maximum-0.15 -
Nickel (as Ni) (mg/kg) 1.54 0.12 Maximum-50 1.004
Lead (as Pb) (mg/kg) 2.94 0.59 - 1.661
Zinc (as Zn) (mg/kg) 22.80 8.93 Maximum 1000 9.807
TABLE 7: Mass balance to estimate the generation of biomanure from AD of WH.
Anaerobic digestion (AD) of WH
Vs Vs g ma-
Tssubstrate TsAMMc VSSuhsnate VSAMMC TsTnlaI vsTnlaI FS reduction remaining VS+FS nure/ 9 Of
(@ g9 (@ (@ @ (@ @) () (C)] TS or kg/
kg of TS
R1-L 16 4 16 3 20 19 1 11 8 9 0.4
R2-R 20 4 17 3 24 20 4 9 11 15 0.6
R3-L+R 17 4 15 3 21 18 3 10 8 11 0.5
Accelerated Anaerobic Composting (AAC) of WH
. kg soil
VS incre- Vs s
TsSubstlate TSCD TsAMMC vsSubslrale VSCD VSAMMC Fs ment remaining VS+FS condltlon-
(kg) (kg) (kg) (kg) (kg) (kg) (kg) (ka) (kg) (kg) er/kg of
substrate
ACR1 1.6 0.6 0.2 1.6 2 0.1 1 0.1 3.7 5 0.1
ACR2 2.1 0.6 0.2 1.7 2 0.1 1 0.2 3.9 5 0.1

that the proper environmental and operational conditions
were being maintained.

Temperature, pH, alkalinity and toxicity, mixing, nutrient
requirements, sludge retention time (SRT), and microbial
capacity are some of the factors that influence the AAC
at different stages. The final compost after 40 days was
removed, and sun dried to get the solid compost. The fi-
nal product obtained from roots and leaves was evaluated
for detailed compositional analysis as shown in Table 6.
Although the nutrients N P and K value of soil conditioner

agreed with the organic manure by FCO but the concentra-
tion of heavy metals in roots was relatively higher which
could indirectly impact the human health. Therefore, the
application of soil conditioner produced from leaves was
found to be suitable for agriculture field application while
that of roots was found suitable for horticulture. In light of
this, both the soil conditioners from leaves and roots were
tested in real field for the growth of different plants and dif-
ferences were observed and explained in subsequent sec-
tion. The dried product named as “Soil Conditioner” was
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Kapra lake filled with WH

Pulling out WH with boats

Crushed WH & Cattle manure in
composting pits

Manual segregation of roots and leaves

Dried compost available for farmers

Drying WH roots & leaves for crushing

Clean Kapra lake without WH

FIGURE 7: Composting process implemented for the removal and treatment of WH from Kapra Lake, Hyderabad, India.

packed and sealed for distributing into the outlets for sale.
As anaerobic inoculum and cow dung were added which
was kept under anaerobic conditions, biogas including
methane will be produced. The biogas thus produced was
in turn used as carbon source of energy for the compost
microbes in the production of microbial cells (Hamer et
al., 1967). The product obtained was stable and the odors
were also resistible with wet grass smell in its vicinity.

3.8 Field application of biomanure and soil conditio-
ner: Response of Fenugreek and Coriandrum sati-
vum plants

The soil conditioner produced from leaves was tested
in real field for the growth of Fenugreek and Coriandrum
Sativum plants and the periodic growth of the plants from
seeding to complete plant i.e., 0 to 30 days is shown in
Figure 8 and 9, while the soil conditioner from roots was
applied for horticulture and the impact of it on the growth
and freshness of plants and flowers is shown in Figure
10 respectively. To compare the growth of Fenugreek and
Coriandrum upon application of soil conditioner from WH
leaves, commercially available general compost was also
administered and the control plants were grown without
the application of any fertilizer for proportional evalua-
tion. The response of the plant growth was measured on
every 5" day from seeding and the height of the plants was
measured in ‘cm’, as plant height is the key parameter to
determine the impact of any fertilizer. One of the interest-
ing observations that can be made from Figure 8 and 9 is
that the germination of Coriandrum seeds was delayed by
5 days compared to Fenugreek plants which grew about 2

cm by the end of 5" day in all the cases. Another intriguing
and common observation from Figure 8 and 9 is that the
height of Fenugreek plants is relatively higher than Corian-
drum and the plant growth with soil conditioner and gener-
al compost administered plants was relatively higher than
control which illustrates that the application of soil condi-
tioner and compost has promoted the growth of plants rap-
idly. Therefore, the soil conditioner produced from leaves
of WH was found suitable for application as a soil condi-
tioner in the agriculture fields.

Similarly, the soil conditioner developed from roots of
WH was administered to Hibiscus rosa-sinensis and Carica
papaya plants to check the growth of the plants. As can be
seen from Figure 10 that the soil conditioner administered
hibiscus flower and papaya plant was bright and fresh
compared to control. This is indictive of positive impact of
soil conditioner on the growth horticulture plants.

4. CONCLUSIONS

This study investigated the feasible ways to valorize
WH by two methods namely, anaerobic digestion for the
generation of biogas and biomanure and secondly, accel-
erated anaerobic composting for the conversion of WH to
soil conditioner at bench and pilot scale. The highest bi-
ogas yield of 350 mL/g VSreduced with 63% CH, can be
achieved from leaves of WH at an F/I ratio of 2:1 followed
by roots in combination with leaves. While no substantial
biogas generation was observed from roots which could be
attributed to high concentration of heavy metals. Further-
more, the results illustrate the positive impact on agricul-
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Fenugreek (Methi)

Seeding
(0-Day)
5th Day
2.3-2.8cm 2.6-2.8cm 2.5-2.8cm
10t Day
4.3-4.5cm 4.5-4.8 cm 4.2-4.5cm
15% Day
20t Day
11.7-12.5cm 11.0-12.1cm 8.8-9.2cm
25% Day
17.0-17.5cm 12.6-13.8cm
30% Day

22.5-23.5cm 21.7-22.8 cm 19.8-20.9 cm

FIGURE 8: Comparison of Fenugreek plant growth estimation from 0 to 30th day upon application of general compost and soil conditioner
over the control.
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Coriandrum Sativum

Seeding
(0-Day)
5t Day
No growth (NG) No growth (NG) No growth (NG)
10t Day
2.0-2.3cm 2.1-2.5cm 2.1-2.5cm
15t Day
5.0-5.6 cm 5.2-5.8cm
20% Day
11.6-12.3 cm 8.0-8.6 cm
25% Day
30% Day

18.1-18.9 cm 20.6-21.7 cm 17.0-18.7 cm

FIGURE 9: Comparison of Coriandrum Sativum plant growth estimation from 0 to 30th day upon application of general compost and soil
conditioner over the control.
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Control — without ferilizer

Soil Conditioner

FIGURE 10: Application of soil conditioner produced from roots of WH on Hibiscus rosa-sinensis and Carica papaya plants.

ture farming (Fenugreek and Coriandrum Sativum) using
soil conditioner produced from leaves of WH while that of
roots was suitable for horticulture (Hibiscus rosa-sinensis
and Carica papaya plants). Heavy metal presence in roots
inhibits AD whereas whole plant material used for com-
posting towards biofertilizer/ soil conditioner production
made composting of WH more viable than AD. The pilot
scale demonstration was found to be success with 1200
tons of WH removed from Kapra lake and converted to 120
tons of soil conditioner.
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ABSTRACT

Biodegradable waste material can be exploited through anaerobic digestion, an oxy-
gen-free multi-stage process often completed by a composting step, which harness-
es the power of microorganisms to break down organic matter. This waste-treatment
sector is growing rapidly in France as it allows the production of valuable digestates
and biogas (biomethane). One of the main occupational health concerns in this sec-
tor is exposure to ammonia. The present work focused on ammonia emitted over
the course of several stages in the anaerobic digestion and composting process,
and assessed employee exposure to this pollutant. Exposure was measured for dis-
tinct worker activities and work areas, as well as during the various steps of the
process. The results revealed non-negligible ammonia exposure for workers operat-
ing in the dehydration (until 55 ppm,, in the workplace and 17 ppm, on the worker)
and composting (until 45 ppm, in the workplace and 17 ppm,, on the loader driver)
areas on several sites. A classical monitoring approach was supplemented by the
identification of explanatory parameters contributing to exposure: material emis-
sivity, amounts stored or handled, and ventilation systems in use. Based on these
elements, recommendations were made on prevention choices, including reducing
emissions at source namely by process improvement and management of stored
quantities, improving existing preventive systems such as capture at source or gen-
eral ventilation, and employee education to raise awareness of waste management

1. INTRODUCTION

Anaerobic digestion is considered to be one of the
most viable ways to exploit the organic fraction of sol-
id waste (sewage sludge, animal waste, and industrial
wastewater), it is therefore the focus of continuous study
to improve its effectiveness (Khalid et al., 2011; Lin et al.,
2018; RIS International Ltd., 2005). This natural biological
process harnesses the capacity of microorganisms to de-
compose organic material in oxygen-free conditions. At
industrial-scale, organic waste digestion takes place in a
reactor, or enclosed chamber, where critical environmental
conditions such as moisture content, temperature, and pH
can be controlled to maximize microorganism proliferation,
gas generation, and waste decomposition rates.

Industrial facilities use several reactor types that differ
by their structural (infinitely mixed digester, reactors with
stationary or moving support, etc.) and operating parame-

risks and improve practices.

ters (dry matter content in the reactor, operating tempera-
ture, etc.). In the field of domestic waste-treatment, due to
the composition of the waste, dry digestion is often used.
The technologies available for this process can be clas-
sifled based on three main modes of operation: vertical
reactors with digestate or biogas recirculation, horizontal
reactors, and batch reactors (see supplementary Figure S1,
online edition) (Damien, 2016; Dirrenberger, 2020; Zeshan,
2012).

To assess occupational exposure for workers in anaer-
obic digestion plants, it is therefore important to consider
the whole waste-treatment line and the associated tasks.
Indeed, upstream and downstream of the anaerobic diges-
tion technology deployed, organic waste management re-
quires significant pre-treatment and post-treatment. Thus,
waste may be sorted at source to allow separate collec-
tion of biowaste, in some situations mixed waste may be
collected, which would require waste sorting systems to
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be implemented. After fermentation, digestates can be ex-
ploited by direct application as fertilizer or by composting.
A combination of anaerobic digestion and composting is
often used to treat domestic waste. The steps involved in
the process implemented in anaerobic digestion compost-
ing plants are presented in the Supplementary Material
(see supplementary Figure S2, online edition).

Ammonium cations (NH,*) are produced from waste
and organic effluent following biodegradation of organic
matter as part of the ammonification stage (Moletta, 2015).
NH,* is subsequently transformed into ammonia (NH,),
volatilization of which is a physicochemical phenomenon
boosted by basic pH, high temperatures, and air velocity
at the solid-air interface (Beck-Friis et al., 2003; de Guardia
et al., 2010a, 2010b; de Guardia et al., 2008; Fukumoto et
al., 2003; Ni, 1999). Compared to the initial waste, anaero-
bic digestates have a significantly higher relative humidity,
lower biodegradable matter content, and higher concentra-
tions of ammoniacal nitrogen (de Guardia et al., 2010a).
Consequently, compared to fresh waste, digestates have
a reduced self-heating capacity — diminishing the sanitiz-
ing power of the composting process — and emit higher
levels of ammonia due to their high ammoniacal nitrogen
content. If the process is completed by a composting step,
ammonia emissions continue to occur as the temperature
increases and during windrow turning (Peigné & Girardin,
2001). In anaerobic digestion composting plants, the con-
fined nature of treatment buildings could lead to the accu-
mulation of gases in the workplace atmosphere (ADEME et
al., 2019; Lavoie & Marchand, 1997).

High ammonia concentrations can cause irritation to
the eyes and respiratory system (INRS, 2021) as well as
presenting an odour issue. Ammonia can cause extensive
bronchoconstriction (likened to an asthma attack), which
can become permanent through the development of bron-
chiectasis. Chronic exposure to low levels of ammonia can
also lead to sinusitis, irritation of the mucosa and conjuncti-
va, chronic bronchitis, or asthma-like symptoms (Sundblad
et al., 2004). Consequently, in workplaces where ammonia
is produced, effective collective preventive solutions must
be implemented (adequate ventilation, appropriate use of
loaders, filtering boxes, etc.) with or without individual solu-
tions (respiratory protective equipment or RPE) (ADEME et
al., 2019). Exposure levels can be compared to Occupation-
al Exposure Limits or OELs (Table S1, as Supplementary
Material) (INRS, 2021, 2022a, 2022b).

In composting plants, occupational exposure to biolog-
ical and chemical pollutants is well documented (Lavoie &
Marchand, 1997; Nadal et al., 2009; Park et al., 2020; Poirot
etal.,, 2010; Robertson et al., 2019). These reports highlight
major pollutants such as bioaerosols, dusts, endotoxins,
VOCs and ammonia in particular. In anaerobic digestion
plants — where waste treatment is often completed by a
composting step — workers are potentially exposed to sim-
ilar pollutants, including a number of biological (culturable
microorganisms, endotoxins, etc.) and chemical pollutants
(e.g., methane, nitrous oxide, hydrogen sulfide, VOCs, car-
bon oxides). In most cases, the major chemical contam-
inant is ammonia (NH,), which is mainly produced down-
stream of the anaerobic digestion step. Ammonia has

an inhibitory effect in digestates, and consequently most
studies have focused on improving the efficiency of the an-
aerobic digestion processes (Chen et al., 2016; Krakat et
al., 2017; Rocamora et al., 2023). Some papers deal with
ammonia emissions from matter (Bell et al., 2016; Lemes
et al., 2023; Preble et al., 2020) but only a few recent pa-
pers assess ambient concentrations and worker exposure
to ammonia in this sector (Bakhiyi et al., 2018; P&ther et
al., 2021).

In this context, the purposes of this study were (i) to
characterize the ammonia levels in distinct areas and in
loaders, depending on the process considered and any
pre-treatment and post-treatment methods; (ii) to assess
worker exposure for the various activities and tasks per-
formed based on individual ammonia samples in breathed
air; (iii) to characterize the explanatory variables — such
as the inventory of materials present/manipulated, their
overall emissivity and surface emissivity — as an additional
exploratory work in addition to highlighting occupational
exposure to ammonia. From this characterization, it was
possible to prioritize the search for preventive solutions to
reduce emissions at source (process improvement, man-
agement of stored volumes, etc.) and/or to improve pre-
ventive systems (confinement, local exhaust ventilation,
etc.).

Direct reading instruments were used in addition to
conventional sampling to objectify worker exposure to am-
monia; these measurements are the subject of a compan-
ion article (Battais et al., 2022).

2. MATERIAL AND METHODS

2.1 Characteristics of anaerobic digestion compost-
ing plants

Measurement campaigns were carried out in six anaer-
obic digestion composting plants located in France (Bat-
tais et al., 2022). Plants were selected based on the variety
of the processes encountered and the operation methods
applied, representing all the types of dry anaerobic diges-
tion processes currently used in France to treat domestic
waste (see supplementary Figure S1, online edition ; Dran-
co® OWS, Belgium; Valorga®, Urbaser, Spain; Linde-BRV®,
Linde-KCA-Dresden Gmbh, Germany; Kompogas®, Vinci
Environnement, Switzerland; BAL-HYBRID®, BAL Biogas,
France) (Damien, 2016; Dirrenberger, 2020). Table 1 sum-
marizes the characteristics of the plants studied, and the
climate conditions prevailing during the measurement
campaigns, depending on the period when measurements
were taken and on the geographical location of the plants.
Campaigns were held in plants not located in tourist areas,
or in the off-season, so that tonnages handled were quite
usual. Working conditions were typical (no major mainte-
nance operations), including any short technical stops or
failures which are usual in this kind of plant. Campaigns D1
and D2 were performed in the same site (D) on two dates,
hence temperature and hygrometry were quite different
(Battais et al., 2022).

Due to the diversity of the industrial sites monitored,
data exploitation was simplified by grouping the activities
into five major zones:
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TABLE 1: Summary of the main characteristics of the anaerobic digestion composting plants investigated and climatic conditions mea-

sured during the measurement campaigns.

Plant Type of waste (tonnage) ADS process Sampling period Mean T°C* Mean HR %*
70,000 t MSW! ® . o
A 30,000 t varied BW? Valorga October 2017 18°C 74%
30,000 t MSW! ® . o
B 6,000 t varied BW? BAL-HYBRID March 2017 16°C 75%
c 70,000 t MSW' Dranco® May 2017 25°C 59%
30,000 t domestic BW? December 2016 (D1) 8°C 78%
D 5,000 t varied BW? Kompogas®
10,000t GW? September 2017 (D2) 19°C 87%
20,000 t OFMSW*
E 20,000 t GW? Linde-BRV® April 2017 15°C 72%
4,000 t varied BW?
F 85,000 t MSW! Valorga® November 2018 21°C 70%

" Municipal Solid Waste - 2 BioWaste - ° Green Waste - # Organic Fraction of Municipal Solid Waste - ° Anaerobic Digestion

* Measured in ambient air on site during the campaigns

The reception area with its unloading docks for the
main materials treated, apart from green waste, which
is most often unloaded in the “digestate-structuring
area”;

+  The separation area, where waste is sorted and treated
to select the finest possible organic fraction (usually
less than 10 mm) for input into the digester;

The digestate-structuring area where waste is dehy-
drated by centrifuging or pressing, or where outgoing
digestate is mixed with structuring material (green
waste, fresh waste, etc.). Green waste is generally
shredded in this area;

The composting tunnels area where “solid” digestates
are composted;

+  Therefinement area where the last screen is performed
to obtain marketable compost.

An additional fictitious “loaders” area was defined to
deal separately with exposure for employees driving load-
ers.

2.2 Exposure measurement methods

Personal and ambient samples were collected over a
continuous period lasting between 3 h and 8 h. Workers
were fitted with a pump (Gilian 5000, Sensidyne, USA)
and a sampling system mounted in their breathing zone.
Static samples were taken at airway level. Ammonia was
sampled on two-stage 37-mm diameter closed-face cas-
settes (CFC), fitted with sulfuric acid-impregnated quartz
filters. The flow rate for sampling was 1 L/min, and its du-
ration was 8 h maximum. Ammonia trapped on filters was
desorbed with Ultra-Pure Water, and after filtration (MIL-
LEX filters 0.22 pym) and 10-fold dilution, subjected to ion

chromatography (METROHM 881 COMPACT IC PRO; ME-
TROSEO C3 column, without suppressor device and with
conductivity detector), applying the INRS Metropol M-13
method (INRS, 2020).

The overall numbers of filter samples collected to mon-
itor ammonia levels on each site are summarized in Table
2.

In some cases (namely on sites B and D), a subset of
individual samples was collected over 4 h at a flow rate of
2 L/min. These samples were either used to assess ammo-
nia exposure for a specific task or to allow other individu-
al measurements to be taken to assess exposure to other
pollutants.

2.3 Explanatory variables for exposure

Employee exposure to pollutants depends on many
factors, including the activity, in particular when performed
close to pollutant sources, and when it involves more gen-
eral parameters depending on installations or processes
(intensity of polluting sources, efficiency of localized cap-
ture, ventilation of premises, etc.).

Acquiring activity-related determinants, by recording
the employee’s work to identify tasks leading to exposure
involves monitoring over a full working day. This approach,
which may require video-type observation resources cou-
pled with real-time sensors (Martin et al., 1999), is rarely
extended to all employees on an industrial site. For this
study, only a few workstations were assessed and are not
described here.

Only the overall parameters explaining exposure levels
were characterized: potential emission rates, based on
ammonia potential surface emissivity and material sur-
face area, and air exchange rates in the premises. These

TABLE 2: Numbers of airborne ammonia samples collected in each anaerobic digestion composting plant.

Campaign A B Cc D1 D2 E F
Stationary sampling 29 35 41 42 21 18 30
Personal sampling 15 23 17 52 15 15 14
Loader sampling 3 6 11 3 3 7 9
Total measurements 47 64 69 97 39 40 53
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investigations were generalized to all sites, to make their
comparison easier.

2.3.1 Potential emission rate

The potential emission rate is a parameter defined to
reflect the intensity of pollution sources in premises. It is
calculated by multiplying the emission surface of a materi-
al present on the premises and the potential emissivity of
this material. However, efficient capture and containment
systems were taken into account, to subtract emission
surfaces from the balance sheet. In the plants studied,
the true efficiency of these systems was assessed using a
smoke generator. However, in the simplified approach ap-
plied here, a binary factor was applied to efficiencies (n=0%
or n=100%). Material at various stages of transformation
could be present in the same room. In this case, the poten-
tial emission rate was defined as:

E; = Z(l = M) Ski- € (1M
with

E, the potential emission rate in hall j (ug.s™),

n, the capture efficiency of any device applied to source k
(%),

S,; the surface of material corresponding to source k at
stage i (m?),

e, the potential surface emissivity of the material at stage
i (ug.s".m?).

Method used to estimate potential surface emissivity

Several devices are available to measure in situ surface
emissivity (Eklund, 1992; Mosquera et al., 2010; Wheeler et
al., 2010; Wolkoff et al., 1995). The approach applied here
is described in the standard for the measurement of the
emissivity of building materials (British Standards Institu-
tion, 2006) and consists of covering the emitting surface
with a bell. A stream of clean air continuously sweeping
through this bell becomes charged with pollutants which
can then be analyzed. The air flow rate (Q,,) and output
concentration (C,) can then be used to estimate the emis-
sion rate for the pollutant by applying E=C_.Q_ . For anaer-
obic digestion composting sites, a variant of this method
was implemented, whereby sampled material was placed
in a container to analyze emissions. This choice was gov-
erned by the following needs/constraints:

To estimate emissions derived from liquid effluents,
particularly for liquids circulating in gutters;

«  To access restricted areas (risks linked to the move-
ment of loaders, risk of collapse of the piled stored ma-
terials). In these cases, the samples were collected by
site employees;

To obtain average values. To this end, samples from
distinct areas of a storage facility were mixed.

The measuring device implemented was designed
using elements used for exposure measurements: Gilian
GilAir Plus sampling pumps, BW GasAlertMicro5 real-time
detector (INRS, 2009), and a plastic bucket with a lid (15-L
dosing bucket available in DIY shops). A pump was used
to draw air from the container (Q,,=1 L/min), and one or
more additional pumps diluted the sample (up to 15-fold)

to reduce the moisture content and ensure non-saturating
ammonia concentrations reached the analyzer. To avoid
using inlet air pre-charged with pollutants, the measure-
ment device was installed outdoors.

A bibliographic study showed that the air velocity at the
surface of a material affects ammonia emissions. In his
literature review, Ni (Ni, 1999) listed 13 empirical models
to evaluate the extent of this effect. Most of these mod-
els apply a factor corresponding to surface air velocities in
V8 Thus, compared to an emissive material stored in an
area sheltered from air currents (0.2 m.s™), the same mate-
rial stored in a ventilated area (0.8 m.s™") would have 3-fold
higher emissivity. In most measurement methods, the
emissivity of materials is assessed using devices swept
by low air velocities. Consequently, the values obtained
are underestimated compared to materials stored in the
open. A corrective factor could be applied based on known
velocities. However, due to the risk of piles collapsing, the
air velocities at the surface of stored materials could not
be assessed. Consequently, the emission rates estimated
here are default values, which explains the use of the term
“potential” applied to all notions of emissivity or emission
rate in this article.

2.3.2 Air exchange rates

General ventilation is usually an essential lever for re-
ducing exposure. The background concentration results
from dilution of emission rates by air renewal rates (“per-
fectly mixed room” modelling (Sandberg, 1981)). Howev-
er, ventilation can induce air movement and, as indicated
above, in the case of ammonia, can lead to increased emis-
sion rates, which would cancel out the benefits of air renew-
al. Despite this uncertain context, the general ventilation in
plants was assessed by measuring the air exchange rate
(R). This theoretical value indicates the number of times
the air volume contained in a room is replaced every hour.
For these experiments, R was measured by gas tracing, by
seeding the air in the room with a gas not present in the
environment (SF6) and monitoring its decrease in concen-
tration over time (Laussmann & Helm, 2004).

3. RESULTS AND DISCUSSION
3.1 Exposure determinants
3.1.1 Air exchange rates

The air exchange rates measured by tracer gas on sites
A to F are presented in Table 3. Overall, the rates meas-
ured were within the order of magnitude of those expected
for industrial sites (typically between 2 and 4 changes per
hour), with only two cases showing significantly different
R values. In one of these cases, the very high value was
the result of operating with open doors (separation area,
site C, R=13.0). This situation reflected the configuration of
the premises during the exposure measurement campaign,
which was undertaken during a heat wave. The other case
was linked to a ventilation failure due to lack of preventive
maintenance (refinement area, site D, R=0.3). In this situa-
tion, the air exchange measured corresponded to that pro-
vided by natural ventilation.
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TABLE 3: Air exchange rates measured (ACH *).

Site A B Cc D2 E F
Separation area 49 3.4 13.0 2.2 1.8 1.8
Digestate-structuring area 71 49 2.1 49
Composting tunnels area 3.2 2.3 3.3 1.9 2.4
Refinement area 3.0 0.3 1.4 2.0

* ACH: Air Changes Per Hour

3.1.2 Potential ammonia emissivity of various materials

The process of anaerobic digestion composting of
waste involves several phases that are generally repro-
duced across all sites (see supplementary Figure S2, online
edition). Over the course of the process, the material under-
goes various transformations and as a result extensive var-
iations in ammonia emission can be measured (Figure 1).

Before the digestion phase (separation phase), ammo-
nia emissions were generally low. Similarly, low emissivi-
ty was recorded on site C for inputs that had undergone
pre-fermentation. After the digestion phase, emissivity was
at its maximum (maturation). On all sites, the peak of emis-
sivity was recorded after digestion. The levels reached dif-
fered between sites (with a 5-fold difference between max-
imum and minimum). Emissions then decreased gradually
(sieving, storage). Before composting, a structuring agent
is often added to the material (generally green waste that
does not emit ammonia), which could explain the drop in
emissivity. At the end of the composting phase, the materi-
al is sieved to retain the finest fraction as the finished prod-
uct. The emissivity of the sieved product was generally low,
except in the case of site F, where emissivity was observed
to increase. Note that on this site, composting cycles are

brief (approximately two weeks). Sieve rejects and stored
material were also monitored, showing emissivity levels
comparable to those of the sieved product. The ammonia
emissivity of the compost produced appeared to correlate
with the emissivity of the digestate; the lower emissivity
of the digestates on sites B and E leads to the production
of materials emitting little or no ammonia. In contrast, on
sites where the digestate was highly emissive (especially C
and F), the materials at the end of the process continued to
emit significant amounts of ammonia.

Concerning ammonia emissivity of materials from liter-
ature, comparison is not obvious because values obtained
are rarely expressed by squarred meter of matter. Com-
parable results from anaerobic digestion sector were not
available but some values were measured from compost-
ing windrows between 120 and 460 ug/s/m? (ADEME et al.,
2011). Other available measurements concerned cow dung
or pig manure and ranged from 50 to 350 pg/s/m? (Borka
et al., 2000; Dinuccio et al., 2008; Hoff et al., 2006). The
emissions rates estimated in anaerobic digestion plants
are of the same order of magnitude although the nature of
the treated material is different and it cannot be ensured
that the same stages of the process are considered.
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FIGURE 1: Potential emissivity from the material measured over the course of anaerobic digestion composting (a missing letter means
that the measurement could not be performed). The pictures show the material at the different steps in the process.
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3.1.3 Potential emission rates in each zone

Figure 2 shows potential emission rates for the differ-
ent work areas on sites A to F, normalized per unit area
for each of the zones where the activity takes place. The
calculation of the emissivity in the composting tunnel area
was made difficult by the fact that the emissive sources
varied over time as tunnels were filled and emptied. To
simplify estimations of potential emission rates, a static
situation was considered based on the average activity in
this zone during the measurement campaign. The material
present in this zone may be digestate-structuring mixture,
composted material directly removed from the tunnel, and/
or material maturing in silos if the maturation phase takes
place in the same zone.

3.2 Results from ambient air sampling

Ambient ammonia concentrations detected in the var-
ious areas are presented in Figure 3, with boxplots repre-
senting combined results for the six sites. An alternative
presentation of this data is provided in Figure 4. This view
highlights differences between the sites, and reveals links
to trends identified from the potential emission rates Figure
2. To objectively analyze these two graphs (Figure 2 and
the part of Figure 4 bounded by the dotted line), it should
be kept in mind that the modelling of potential emissions is
simplified, and that — due to the mobility of material in the
storage facilities and loader traffic — the ambient samplers
could not be positioned in the desired locations to optimize
measurement of the average ammonia concentrations in
the premises.

In line with the very low emissivity of the material in
the reception and separation areas, (Figure 1 and Figure
2), the results for ambient samples showed that the am-
monia content measured before anaerobic digestion was
low, not exceeding a few ppm,. The presence of ammonia
in these areas is generally due to the early decomposition
of biowaste (site C), but could also be explained by the

40

transfer of pollutants between premises, as in the case
of site D.

Values recorded in the digestate-structuring area, just
after anaerobic digestion, were often very high due to the
handling of ammonium-rich digestates at this stage (Fig-
ure 1) and any material left in the open air will be a source
of significant emissions. For sites lacking this type of area,
these emissions generally occurred in the composting area.
For two sites (C and D), the average values measured were
very high (almost 40 ppm,, for D). In contrast, for two oth-
er sites (A and F) where digestate transfer and treatment
are contained, and emissions are captured, the potential
emission rate is very low and ambient concentrations were
correspondingly low (average of 3 ppm,). On these sites,
emissions will only occur during maintenance operations
or production incidents. Conversely, on site D, poor design
of the capture systems, lack of rigour with covering of the
material transfer line systems, and leakage from the mate-
rial processing tanks resulted in a high potential emission
rate and consequently a high concentration despite sub-
stantial general ventilation (Table 3).

In the composting tunnels area, average ammonia lev-
els measured varied depending on the sites. In the case
of three measurement campaigns (C, D2 and F), very high
values (up to 45 ppm,) were recorded, with increased con-
centrations during intensive tunnel emptying. For the three
other campaigns (B, D1, and E), the values measured were
systematically lower than the French OEL-8h value of 10
ppm, (INRS, 2021, 20223, 2022b), even though the same
intensive tunnel emptying task was being performed on
two of the low-level sites (B and E). On site E, the poten-
tial emission rate in this area was almost nil because only
small quantities of low-emissivity material were present.
On the other sites, the values per square meter were of
the same order of magnitude, but the differences between
sites were more pronounced for ambient concentrations.
In some sites, maintenance operations requiring opening

Potential emission rate per floor-area (ug/s/m?)
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FIGURE 2: Potential emission rates in the different treatment zones, normalized with respect to floor-area.
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| PROCESS PROGRESS

50

40

30

20

Concentration in NH; (ppm,))

10

CDID2E F A B CDID2E F

— I
A CDID2 F I A B CDID2E F
1
RECEPTION SEPARATION DIGESTATE COMPOSTING REFINEMENT LOADERS
AREA AREA STRUCTURING AREA TUNNELS AREA AREA :

B CDID2E F

CDID2E F

FIGURE 4: Ambient ammonia concentrations measured in various areas in six anaerobic digestion composting plants (bar chart view).

of composting tunnels explain the levels of ammonia de-
tected in ambient samples.

In the refinement area, mainly sieved compost and
sieve rejects are present. In this area in sites C and F, very
high potential emission rates were measured. These rates
were around 15 to 20 times higher than those measured
for the other sites. The high emissivity of the material in
this zone combined with the storage of large quantities of
material could explain the high ambient concentrations
measured — of the same order of magnitude as in the tun-
nels area — especially in the case of site F. Concentrations
were low (i.e., less than 5 ppm,) for three measurement
campaigns (C, D1, and E). For two other campaigns, slight-

ly higher values were recorded (between 10 and 15 ppm,
for campaign D2, and for campaign F, six values exceeded
the French OEL-8h value).

On site F, the general ventilation system used a con-
siderable airflow rate, which, nevertheless, did not allow
satisfactory concentrations to be achieved. It would be
difficult to increase this flow rate because of the vast size
of the premises. On site C, the ambient concentrations
measured were low relative to the corresponding potential
emission rates. This difference could be explained by the
fact that the zone was open to the exterior and the am-
bient sampling point was placed close to a wall. The low
emissivity of the material could explain the low potential
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emission rates measured on sites D (campaign D2) and
E. Nevertheless, during campaign D2, a malfunction in the
ventilation system (Table 3) led to a non-negligible con-
centration level.

In the case of loaders, results varied depending on
the site, and particularly on the area where loaders were
used. Four campaigns revealed very low ammonia concen-
trations in the loaders (A, B, D1, and E), with low ambient
ammonia concentrations (up to 8 ppm,) measured in the
areas where they were used. In contrast, for three other
measurement campaigns (C, D2, and F), the areas where
loaders were operated had high ammonia levels, and sev-
eral values exceeding the French OEL-8h value were meas-
ured in cabs, especially on site C. These values were often
due to problems with the cab filtration systems or to inap-
propriate practices by operators.

Concerning ammonia ambient measurements from lit-
erature, Pother et al. found that the majority of the shift av-
erage values for ammonia ranged from 3 to 13 mg.m™ (i.e.
between 4 and 18 ppm, approximately) but a maximum
value was obtained in the delivery category, correspond-
ing to digestate-structuring area (above 20 mg.m=3, i.e. 28
ppm, approximately) (Péther et al., 2021). Bakhiyi et al.
found very low values in different areas of several plants,
ranging from 1 to 4 ppm,, (Bakhiyi et al., 2018).

3.3 Results from personal air samples

Personal air sampling was also carried out (Figure 5),
the operations leading to the highest exposure levels re-
sults correlated with the results of ambient air samples.
In the reception, separation and digestate-structuring are-
as, workers regularly intervene to perform verifications, for
ongoing maintenance, or to deal with malfunctions. The
composting tunnels area is frequented by loader drivers
emptying and filling the tunnels, by maintenance operators
when an intervention is necessary, and by shift managers
as they do their rounds of the whole site.

Personal sampler values measured for operators work-
ing in reception and separation areas were very low (less
than 1 ppm,).

For maintenance operators, concentrations were var-
iable, depending on the tasks performed and the areas
frequented (see Figure 5). Two workers from distinct sites
were particularly exposed: one was working in a dehydra-
tion area which was significantly polluted with ammonia,
the other was working in a composting tunnels area. Sever-
al values exceeded the French OEL-8h threshold, in particu-
lar for these two operators.

Loader drivers were generally well protected by cab fil-
tration when systems were adequately verified and main-
tained. Nevertheless, this was not always the case, and
operators occasionally applied inappropriate practices,
resulting in potentially significant exposure to ammonia
and other pollutants. On one site, the levels measured in
loaders were high, with three values exceeding the French
OEL-8h, and one concentration of 9 ppm,. For a loader driv-
er from another site, a concentration close to 11 ppm, was
recorded, but this driver was fitted with RPE when leaving
his loader to intervene in the polluted area.

Production operators work in all areas throughout sites.
This role was present in two plants, in both cases individual
exposure values were less than or equal to 5 ppm,.

Polyvalent operators and shift managers generally work
site-wide. Like for maintenance operators, their overall ex-
posure during their shift depended on the level of pollution
in the areas frequented, and on the time spent in these
areas. On one site, significant exposure to ammonia was
recorded during the two campaigns conducted. Although
only one value exceeding the French OEL-8h was obtained,
in many cases concentrations exceeded 5 ppm,,.

Based on these measurements and observations, per-
sonalized recommendations were made to each plant, but
general recommendations were also highlighted. These in-
clude the following:
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FIGURE 5: Individual ammonia concentrations measured for operators working on six anaerobic digestion composting plants.
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+ Well-designed and -maintained ventilation systems
(sufficient renewal rates, localized capture systems,
covered conveyor-belts, among others);

< Ease of cleaning and maintenance (prioritizing lev-
el-floor zones, well-organized cleaning systems, among
others);

- Sufficiently long treatment cycles (namely for compost-
ing) and limited material stocks on the premises;

+  Separated activities to avoid exposure due to co-activ-
ity;

+ Monitored prevention measures and systems (main-
tenance of equipment: real-time detectors, respiratory
protective equipment [RPE] and loader filter systems, ...);

+ Employee education to raise awareness of waste man-
agement risks and improve practices.

4. CONCLUSIONS

The present work sought to assess occupational ex-
posure to ammonia in anaerobic digestion composting
plants. Measurements were performed to sample ambient
air in work areas, in workers’ breathing zone and in loader
cabs. Estimation of explanatory variables consolidated the
interpretation of exposure levels.

The results showed significant variability between
sites depending on organization, particularly with regard to
quantities of waste treated, residence times of materials
in the different work areas, pre-treatments applied, anaer-
obic digestion process implemented, and any post-treat-
ment processes, among other aspects. At the end of each
measurement campaign, the results were used to suggest
tailored technical and organizational improvements, which
were presented to operators and management staff.

Among the explanatory variables identified as useful,
the emissivity of the materials was one of the most signif-
icant; this parameter is easy to measure using equipment
that is already available to occupational hygienists. For this
study, measurements were taken using a real-time detec-
tor, but conventional filter-based sampling could also be
used.

The explanatory variables make it possible to better
target the areas with the highest emissions, and thus to
prioritize the implementation of novel preventive solutions
aiming to reduce emissions at source (process improve-
ment, management of stored quantities, etc.), and/or to
improve existing preventive systems (containment, cap-
ture at source, general ventilation). In particular, the meth-
od identified the most emissive materials, for which it was
recommended to limit stocks and to set up local exhaust
ventilation for the parts of the process concerned. This
knowledge of source flows provides a more objective pic-
ture of emissions than purely visual observations (e.g., ma-
terials emitting a flow of water vapour wrongly considered
to be charged with ammonia).

The approach used in this study, combining air sam-
pling and material emissivity measurements alongside an
assessment of ventilation, could be used for an extensive
panel of chemical or biological pollutants, and is applicable
across all waste management sectors. Its implementation
would contribute to significantly improving the information

provided to workers, making them aware of their potential
exposure, and could serve as a guide for occupational hy-
gienists in their selection of preventive measures to reduce
exposure levels.
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ABSTRACT

In the Special Administrative Region Hong Kong, municipal solid waste has grown
substantially over the past two decades with plastic waste accounting for an in-
creasingly large proportion. In response, the Hong Kong government trialled several
schemes that centred on economic mechanisms and the circular economic princi-
ples of recycling and reduction to manage plastic bags and plastic beverage con-
tainers. As the results of these measures have been met with strong criticism, the
present paper assesses the extent to which therein applied economic mechanisms
realised a circular management of these streams. To explore this question, the paper
relies on quantitative and qualitative field research combined with an analysis of a
specifically designed public opinion survey. The findings indicate that price setting
is a key element towards circularity for waste plastics in Hong Kong, yet it is not
the sole determinant. Using an evolutionary institutional framework the paper shows
that besides economics the incorporation of consumers’ and recycling stakeholders’
interests are key for effective regulations towards a circular economy on plastics in

the city.

1. INTRODUCTION

The Hong Kong Special Administrative Region, a global
financial and trading centre, is characterized by high pop-
ulation density, high living costs and high levels of con-
sumption. Given the scarcity in land and natural resources,
Hong Kong not only critically depends on imports for nearly
all products of everyday use. The city moreover has little
space to accommodate for goods discarded at their end-
of-life. With residents’ affluence at an all-time high, munic-
ipal solid waste (MSW) generation has soared to 1.51 kg/
cap/day in 2022 (EPD, 2023). These amounts are largely
disposed in landfills (69 wgt%), about a quarter is export-
ed for recycling (26 wgt%) and merely a small fraction (5
wgt%) is recycled domestically (ibidem). Within MSW, a
continuously growing and in treatment challenging stream
are post-consumer waste plastics. Of it, the city produces
about 2,369 tons/day, rendering plastics into the second
largest fraction (21.3%) of overall MSW (ibidem).

Given that existing landfills have operated near satura-
tion levels for a considerable amount of time and free space
for new landfills is scarce, more sustainable approaches
are urgently needed. Additionally, global environmental dy-
namics that feature strong local impacts such as climate
change and growing resource shortages further warrant
adequate system adaptions in Hong Kong. One such con-

cept that aligns with sustainable development and climate
change mitigation through resource conservation and their
efficient use is the circular economy (CE). While literature
has identified over 221 definitions (Kirchherr et al., 2023),
at its core the CE is an evolving blueprint for systemic tran-
sition. It stipulates the replacement of globally predominat-
ing linear models (extract-produce-consume-dispose) with
those that loop resources within socioeconomic systems
(i.e. extract-produce-consume-recycle). In this sense, the
concept calls for conserving resources to the best possi-
ble extent and simultaneously increasing efficiencies in
resource use. So despite its frequent association with re-
cycling, the CE bears much wider strategies for application
encapsulated in the 10-R hierarchy of CE principles. These
encompass the practices of refuse, rethink, reduce, reuse,
repair, refurbish, remanufacture, repurpose, recycle and re-
cover (Potting et al., 2017).

In Hong Kong, where high emission levels, climate
change and the potential of rising sea-levels constitute
very real threats to self-preservation, the government has
produced no shortage in strategy papers aimed at enhanc-
ing the city’s sustainable performance (EPD, 2005; HKGov,
2017). Yet, in the domain of WM, measures yielding sub-
stantial results have been falling behind intentions. While
the reduction of MSW generation at the source to alleviate
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landfills has been a key tenet, practical measures remain
fragmented and ineffective (Wan et al., 2018). This short-
coming is most visible when comparing actual MSW gener-
ation with the government’s waste reduction plans issued
since 1998 (Figure 1). For post-consumer plastics as well
as for all other recyclable fractions most evidence points
to unsustainable management. For example, estimations
from 2020 point out that 80% of plastic beverage contain-
ers end up in local landfills (DWW, 2020). Further aggra-
vating the situation are the waste import restrictions (the
National Sword policy) implemented in Mainland China
in 2017, which limit the import of most recyclables (BEC,
2021) and therefore cut-off Hong Kong from its major re-
cyclable waste export market. Simultaneously, affluent
lifestyles manifesting in conspicuous consumption (Lau,
2019) as well as the impact of COVID-19 triggering a pack-
aging frenzy in the city have further increased the need to
devise local, effective solutions.

In this context, the Hong Kong government has issued
measures to address the plastic challenge. These include
raising the levy on single-use plastic shopping and retail
bags in 2022, a partial ban of single-use plastic table ware
and food and beverage containers in 2023, the planning
of an extended producer responsibility (EPR) scheme for
plastic beverage containers for 2025 and a household
waste charging scheme for 2024. The temporal sequence
of these measures indicates an acknowledgment of the
problem’s urgency among governmental stakeholders.
From a researcher’s perspective, this raises the question to
which extent such institutional (rule-based) actions can be
effective in yielding CE related results.

To investigate this issue within a reasonable scope, the
present contribution focusses on two post-consumer plas-
tic waste streams, i.e. single-use waste plastic beverage
containers (WPBCs) and single-use plastic bags (SUPBSs).
To benchmark the inquiry against the market-oriented, lais-
sez-faire approach generally adopted by the Hong Kong
government in WM (Lee, 2020; LEGCOPEA, 2023), the
study aims to assess the economic effectiveness of offi-
cial CE measures. The respective research question there-
fore asks to which extent are economic mechanisms effec-
tive to realize CE practices for WPBCs and SUPBs in Hong
Kong? Specifically, the paper explores if Hong Kong’s CE

on plastics (1) is predominately about price-setting and (2)
if the official approach manages to ‘get prices right’. The
implicit hypothesis pursued in this paper is that the govern-
ment’s economic incentives are insufficient to foster a CE
management of SUPBs and WPBCs.

Over the following paragraphs, the manuscript will first
introduce the materials and methods used for the analysis.
The subsequent section will then present the economic
mechanisms implemented by the government for a circular
management of SUPBs and WPBCs. After that the respons-
es of non-governmental stakeholders to the official eco-
nomic incentives will be analysed so as to assess whether
official economic stimuli correspond to the stakeholders’
own preferences. The concluding part will merge discus-
sion and conclusion to elaborate on the role of economic
factors in Hong Kong's CE on post-consumer plastics.

2. MATERIALS AND METHODS

Regarding materials and data, the paper builds its analy-
sis on three types of data sources. In first instance, it draws
on field research by the author on recycling structures for
WPBCs conducted during late 2021. Related activities of
material collection comprised interviews with collecting
and recycling stakeholders, in parts belonging to the infor-
mal recycling sector, as well as observational quantitative
data recording. The aim was to quantitatively ascertain
transacted WPBC quantities along the value chain as well
as an assessment of the practices and patterns adopted
by collectors and recyclers when managing WPBCs. A de-
tailed outline of obtained data is provided in Steuer and
Chen (2023b). Second, the manuscript also presents so far
unpublished survey results on waste plastic management
and attitudes among Hong Kong residents. For these two
surveys, conducted in May 2023 and September 2023, a
total of 820 and 1,004 respondents were interviewed via
the Hong Kong Public Opinion Research Institute (HKPORI)
and Qualtrics. The questionnaires were disseminated on-
line and comprised two types of questions: (1) multiple
choice questions to capture waste single-use plastic gen-
eration quantities; (2) five-point normed questions along
a Likert-scale to quantify behavioural patterns, routines
and preferences of consumers on their engagement with
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FIGURE 1: Official waste reduction plans vis-a-vis actual MSW generation in Hong Kong (the author based on EPD, 2001-2023).
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single-use plastic waste products. In third instance, desk
research was used to screen official documents and policy
papers, corporate (sustainability) reports, public surveys
and working papers from non-governmental organizations
on Hong Kong’s CE for waste plastics.

In terms of analytical methodology, the study uses an
evolutionary institutional framework previously developed
by the author for the assessment of CE performance in
mainland China and Hong Kong (Steuer, 2021; Steuer,
2022). Its main purpose is to capture the process of institu-
tional change and whether this dynamic results in effective
outcomes. For the current study, the subject of analysis are
the economic mechanismes, in particular the setting of pric-
es for CE instruments, i.e. the levy system for SUPBs and
the redemption value for an EPR on WPBCs in Hong Kong.
As for whether the mechanisms are effective, two condi-
tions must hold: First, the mechanism (a rule or institution)
must achieve a quantitatively verifiable improvement, e.g.
areduction in SUPBs sold or consumed. Second, the mech-
anism must be ‘interest-inclusive’, i.e., it must account for
the interests/ preferences of all involved stakeholders. For
example, an officially implemented EPR on WPBCs must
provide for deposit or redemption values that are in line
with expectations of beverage retailers, waste generators,
collectors, recyclers etc. In case of falling short in being
interest-inclusive, the implication is that stakeholders do
not participate in the system (generators do not return,
collectors do not recover etc.) and likely develop their own
solutions to handle WPBCs (such as discarding these in
general waste bins, rejection to recover etc.).

The term of institutions in this context refers to man-
made solutions to a problem, a challenge or a novel con-
text. In related literature, institutions are often described
as systems of rules, that structure and guide behaviour of
and interaction between stakeholders (Groenewegen et al.,

2010). The evolutionary factor implies a system change
over time, such as a gradual transition from a linear to a
circular economic system. Here change can be envisaged
as an unfolding interplay between novel challenges, prob-
lems or contexts and corresponding institutional solutions
from different stakeholder groups (Mantzavinos, 2000).
These solutions can be formal (regulations, laws, schemes
etc.) or informal (routines, habits, norms) in nature. As new
challenges affect diverse stakeholders at the same time,
the analytical model illustrates an interplay between these
agents. Each affected group does respond to the problem
in their own specific manner: They craft institutions to solve
the challenge at hand and once put into practice stakehold-
ers may learn about how their as well as other stakehold-
ers’ institutions on the given challenge perform in reality.
Learning is dependent on capturing information from feed-
back loops, such as through data collection, individual ac-
counting efforts, observation of waste recovery patterns
etc. The so acquired learning insights shape stakeholder
experiences and value ideals and moreover decide if and
how they adjust or refine their own institutions: Here short-
comings in achieving effective rules — by excluding other
parties or because of quantitative target shortcomings -
may lead to rule modifications or entire rule overhauls. A
flow diagram illustrates a generalized evolutionary process
of institutional change (Figure 2).

In the current study, the aim will be to identify whether
CE related rules and practices on SUPBs and WPBCs have
changed. And, if such changes can be traced back to feed-
back loops, information exchange or other interactions be-
tween governmental and non-governmental stakeholders.
Hereby, a key, but not the exclusive focus will be changes
in official pricing and other economic incentive structures
that the government devises with the aim of attracting par-
ticipation of ever more stakeholder groups.
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3. RESULTS

3.1 The Economic Mechanisms in Hong Kong's Cir-
cular Economy on Single-Use Plastic Bags and Bev-
erage Containers

3.1.7 Regulatory framework

The city’s government regulates aspects of environ-
mental protection and sustainability via single statutes
(Tong, 2021). In contrast to other jurisdictions, Hong Kong
has not formulated a CE law and CE relevant legislation
is by and large fragmented and formulated as ordinanc-
es. The fundament for WM and CE measures is the 1980
Waste Disposal Ordinance, which has been extended by
Product Eco-responsibility Ordinances for glass beverage
containers, WEEE and plastic shopping bags. The piece-
meal nature of this approach bears shortcomings in terms
of measures being fragmented and with exception of the
Product Eco-responsibility Ordinances often bearing overly
voluntary and tacit characteristics. That is for example the
case of source separation measures for MSW from house-
holds, which have failed to realise residents’ participation
(Wan et al., 2018). In regard to plastic waste, a direct com-
parison with the EU’s institutional framework indicates that
Hong Kong gave the issue too little attention. Issued reg-
ulations, such as the very recent waste charging scheme
that was expected to take effect in 2024, address MSW
recyclables in their entirety rather than setting up specific
stipulations for individual waste streams. In terms of quali-
tative differences on promoted CE principles for managing
post-consumer plastics, an earlier analysis by the author
demonstrated that the EU's regulations predominately
stressed ‘refuse’ and ‘recycling’ approaches. Hong Kong’s
regulatory stance on the other hand focusses on ‘reduc-
tion’, yet without notable achievements in curbing genera-
tion (Steuer and Chen, 2023a).

3.1.2 The levy for single-use plastic bags

The levy on SUPBs emerged as a result of the govern-
ment’s waste reduction strategy with the aim to promote a
‘plastic-free’ culture in the early 2000s when overall MSW
amounts had increased notably (Deloitte, 2018). In 20009,
the levy was introduced under the Product Eco-responsi-
bility Ordinance and is next to glass beverage containers
and WEEE one of Hong Kong'’s current mandatory (Extend-
ed) Producer Responsibility Schemes (PRS) (Tong, 2021).
Launched in 2009 as a pilot, it initially covered a selected
number of retailers, e.g. supermarkets, convenience stores,
personal health stores etc. and levied 0.5 HKD (0.06 EUR)
on every SUPB (EPD, n.d.). The scheme was extended to all
retailers in the city in 2015, exemptions were abandoned,
and the charging level was further raised to 1 HKD (0.12
EUR) in 2022 with the government promoting the reuse
concept of ‘bring your own bag’ (ibidem).

Along with this development the price adjustment as a
consequence of generated SUPBs deserves attention. The
initial measure in 2009, indicated a 5% decrease in bags
generated from the pilot-covered outlets over the following
year (EPD, 2011). The coverage extension in 2015 achieved
an even more notable decrease of 25%, i.e. a reduction of
5.24 billion to 3.93 billion SUPBs recorded at landfills (EPD,

2016). Yet, over the following years a rebound in growth
rates of discarded SUPBs was assessed through landfill
sampling, which indicate an annual median increase of
4.7% over 2016-2022 (EPD, 2017-2023). The resulting levy
increase to 1 HKD by late 2022 is a direct response to this
rebound (BEC, 2021). As of 2023, the scheme appears to
have yielded some success according to Hong Kong's Envi-
ronmental Protection Department (EPD): Over inspections
across the entire city, it was found that retailers overall
adhered to the levy scheme, had substantially reduced the
variety of SUPB types for sale and helped distributing infor-
mation on the practice of the levy (ACE, 2023). While most
recent MSW statistics from 2023 have not yet been pub-
lished, section 3.2.1 will explore to which extent its raise
resonated with consumer preferences.

3.1.3 The Hong Kong EPR for waste plastic beverage con-
tainers

For WPBCs a PRS is currently under design and expect-
ed to be launched in 2025. Several pilots aiming to apply
EPR specific mechanisms to WPBC recovery have been
tested in the past. At their core the most controversial fac-
tor pertains to cost and price mechanisms. As of now, the
common agreement among governmental and non-gov-
ernmental stakeholders is that an economic incentive has
to be applied to encourage the return of containers by con-
sumers (Tong, 2021). In contrast to already existing PRS on
glass bottles and WEEE, the scheme for plastic beverage
containers will use a market-led approach aiming to out-
source responsibility to commercial stakeholders (LEGCO-
PEA, 2023). The government will neither collect a levy from
producers, importers and retailers nor coordinate down-
stream recovery services. Rather official stakeholders will
set statutory recovery targets that beverage suppliers will
have to meet. Moreover, coordinating duties including the
implementation of a producer responsibility organization
will have to be organised by beverage suppliers, while re-
tailers with a retail floor area of 200 m? or above have to
serve as designated return points and provide takeback
and rebate services (EPD, 2021b). Takeback services cov-
er plastic beverage containers and cartons containing
between 100ml and 2 litres, and for these items scheme
operators are obliged to provide rebates. As of 2023, a re-
bate amount of 0.1 HKD (0.011 EUR) is the current official
benchmark (LEGCOPEA, 2023). As discussed in the sec-
tions below, this rebate level is far behind international EPR
standards for WPBCs and emerged as result of lobbying
from contesting interest groups.

3.2 Assessing the (Economic) Preferences of
Non-Governmental Stakeholders

3.2.1 Scheme operators: Beverage manufacturers, retailers
and recyclers

The variety of corporate stakeholders potentially affect-
ed by Hong Kong's PRS on WPBCs has recently merged
into one dominant representative group to voice its inter-
est. Drink Without Waste (DWW), which was established in
2017, comprises producers, retailers and recycling opera-
tives as well as NGOs. Quite in line with the government’s
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intent, it supports the PRS and aims to recover 70-90% of
beverage containers upon the scheme’s taking-effect. Be-
yond recycling, the initiative further intends to realise CE
goals for WPBCs pertaining to reduction (via installing and
operating beverage dispensers), and redesign (via sustain-
able packaging design standards) (DWW, 2020).

There is ample documentation of some individual
measures by corporate entities within the group striving to
fulfil these objectives. This includes weight reduction, re-
duction of virgin PET and full substitution via recyclate by
local beverage companies, single-use plastic bottle remov-
al by hotel chains and the setting up of water dispensers by
property management (Deloitte, 2018). At its centre, the in-
itiative’s efforts, are geared towards developing a recycling
network for WPBCs. The key cornerstones are (1) to create
a dense and easily-accessible network of return points; (2)
adopt a value-on-return scheme (VRS) instead of a Deposit
Return Scheme (DRS), which DWW considers to minimize
costs and facilitates the money-for-bottle transaction pro-
cess; (3) to keep the VRS at a low level, which was initially
setat 0.05 HKD (0.005 EUR); this in turn (4) was considered
sufficient to incentivise “not only consumers but also...
domestic helpers, building and street cleaners, and other
informal collectors” to engage as primary collecting stake-
holders (DWW, 2020). Both latter aspects underscore the
prominent economic interest of the group’s solution, which
will be further analysed in the discussion section.

In regard to recycling, the perspective of collecting and
preprocessing stakeholders deserves to be outlined sepa-
rately. In general, recyclers in Hong Kong face high rental
as well as relatively high labour costs, the latter of which
being in parts due to weak source-separation of MSW re-
cyclables by Hong Kong households (Steuer and Chen,
2023a). Further complicating matters is that Hong Kong
does hardly host any manufacturing companies, which
could make use of recyclate as production feedstock (BEC,
2021). This implies that recycled materials have to be sold
on international markets, where Hong Kong's cost-com-
petitiveness is substantially undercut by comparable recy-
clate produce from China. Yet, to evaluate the feasibility for
WPBC recycling systems, DWW has between 2020-2021
conducted a one-year pilot assessing the collection and

preprocessing capacities of existing private-informal WM
structures in Hong Kong (Steuer et al., 2022). In terms of
incentives the pilot provided 0.1 HKD (0.06 EUR) for the
entire operating costs, including subsidies for collectors
(0.05 HKD/bottle) and pre-processors (0.035 HKD/bottle).
At that time, the author was tasked with assessing the pilot
performance, which was essentially done via quantitative
documentation in the field and interviews with collecting
and pre-processing (sorting, cleaning, baling) stakehold-
ers. Quantitatively, the results indicated a bottle recovery
capacity of 3% (based on sale volumes) by the surveyed
pre-processors during the pilot. Would the pilot have been
extended to all active pre-processers in Hong Kong the re-
covery rate could have been raised to 23%. Yet, once sub-
sidies were stopped, recovery rates dropped substantially
(Steuer and Chen, 2023b). The qualitative results from the
interviews shed light on the relatively low recovery rate:
Collecting as well as recycling stakeholders indicated their
dislike for recovering WPBCs, due to reasons of hygiene
and low reimbursed per-unit-value. Furthermore, transport,
sorting, cleaning and baling were considered as cumber-
some compared to the predominately handled recyclable
streams of paper, cardboard and metals. A longitudinal
analysis of preferences for and against CE practices for
WPBC management further underscored the unchanged
willingness of collectors and recyclers to engage in WPBC
recovery. Over the past few years, both stakeholder groups
have expressed a clear rejection towards recycling this
waste stream (Figure 3).

3.2.2 Consumers

A major driver behind the launch of the SUPB levy out-
lined in section 3.1.2e were environmental NGOs lobbying
government towards using the argument of consumer
opinion (Lau, 2019). Yet, in comparison to other measures
such as municipal waste charging, recycling infrastruc-
ture or an encompassing PRS, public preferences for the
relatively simple SUPB levy merely ranked 6" out of sev-
en CE concepts (Wan et al., 2018). In regard to consumer
behaviour, the initial levy of 2015 had a limited effect as
SUPB generation rebounded again soon after dipping for
a single year (BEC, 2021). One potential factor explaining

/nga»mefuse e © 0000
3| ()Reduce ® [ ] o O [ ] (@]
E, (+) Reuse
€] (oo ® O o @® o e o o
& | (+)Incinerate [ ] [ ] [ ]
L Landn [ ] @) [ @)
] (-) Refuse
& | () Reduce -
[
=3 (-) Reuse
S Ry o O 0 @0 @O0 OO@O (| o)
g (-) Incinerate . O O
E. (+) Landfill ® L L L
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
© Retailers/ importers/ producers ® Government © Consumers o Recyclers o Collectors

FIGURE 3: Binary Interest Node Schematic (BINS) mapping stakeholder interests for and against CE management of WPBCs (reproduced

from Steuer and Chen, 2023b).
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this trend can be discerned from consumer sentiment on
what this stakeholder group perceives to be the minimum
charging level needed to discourage consumption. In 2022,
a governmental-led consumer survey found that 74.5% or
6,651 out of 8,804 surveyed Hong Kong residents would
consider at least 1 HKD adequate to reduce consumption.
The same study conducted a telephone-survey among
1,003 residents on what charging level would constitute
the most effective deterrent. Presented with a range from a
minimum of 1 HKD to over 5 HKD, interviewees' responses
resulted in a weighted mean of 2.2 HKD (0.24 EUR) (CSD,
2022). Against this background the government’s 0.5 HKD
level from 2015 appears to be too low for curbing SUPB
consumption.

Regarding WPBCs, relative early pilots on return
schemes in 2005 and 2007 provided insights on the role of
(monetary) incentives for Hong Kong residents’ participa-
tion in the CE. Both schemes were funded and organised
by the EPD in collaboration with Swire Coca-Cola, Vitasoy
and Watsons Water as main partners and conducted within
sites of selected residential quarters for a year each. There
residents could redeem WPBCs (sized between 480-800
ml) for demonetarized ‘reward points’. Points were allocat-
ed by specifically set-up collection points on a per-contain-
er basis and had to be uploaded to a specific redemption
card. Having collected a certain number of points, con-
sumers could exchange these for souvenirs or beverages.
Setting aside the scheme’s peculiar logic of returning con-
tainers to be rewarded with more containers for consump-
tion, the pilots showed little innovation and overall failed
to encourage residents’ participation. Based on the general
attitude reflected in residents’ feedback, it turned out that
these rather cherished convenience (access and opening
hours of the WPBC return points) over other factors (Chan,
2011).

Over a decade later that perspective still appears dom-
inant. A public opinion survey by the renowned HKPORI
among 976 respondents, revealed that economic rewards
for engaging in the return of WPBCs only ranked a 4.4/10,
while aspects of hygiene, return convenience and number
of return locations achieved an 8.3/10, 6.7/10 and 6.9/10,
respectively (HKPORI, 2022). For return convenience and
locations, public preferences indicated an over 60% sup-

2% 3%

50%

26%

n=789

port for collection stations within residential areas, i.e.
close to one’s home, while bus stations and retail ranked
second with 57% and 54%, respectively (HKPORI, 2021).
The fact of economic mechanisms as relatively weak driv-
ers is corroborated by the author’s own survey, which indi-
cates that around 55% of consumers would not feel (more)
motivated by economic incentives to segregate WPBCs
and other single-use plastics (Figure 4).

The HKPORI has in this context conducted a very in-
sightful survey, which aimed to explore the threshold value
of a PRS inducing consumers to return their WPBCs. The
findings show that notwithstanding whether DRS or VRS,
a value of 1 HKD (0.12 EUR) would induce 62% and 78% of
927 respondents to return their emptied containers (Figure
5) (HKPORI, 2021). What this high benchmark means for
the overall institutional dynamics of Hong Kong's CE on
plastics will be discussed in the subsequent concluding
section.

4. DISCUSSION AND CONCLUSIONS
4.1 Single-use plastic bags

From the perspective of the analytical model, the of-
ficial implementation of the levy for SUPBs is essentially
the result of an institutional responsiveness dynamic be-
tween governmental and consumer stakeholders: the pos-
itive information and learning feedback from consumers
in support of the levy in 2011 provided a strong motivator
for Hong Kong’s government to expand the scheme and
raising the levy to 0.5 HKD per bag (EPD, n.d.). Apart from
consumer support, the most recent adaption to 1 HKD in
2022 can be traced back to the information feedback from
increased waste plastic bag generation. Consumer sen-
timent captured via a 2022 consumer survey yet further
suggested that to render the scheme even more effective
a levy of 2 HKD (0.23 EUR) would be viable as such a price
level still enjoys broad popular support (LEGCO, 2022).
This underscores the argument of the paper regarding
prices being a key mechanism to drive the CE practice of
reduction for SUPBs in Hong Kong. Additionally, the case of
SUPBs indicates that institutional adjustment accounting
for involved stakeholder interests leads towards regulatory
effectiveness. While statistical data for SUPB waste gen-

= Strongly disagree
Disagree
| recycle anyway
Agree

= Strongly agree

FIGURE 4: Interviewees on whether economic incentives (tax reduction, reimbursement, etc.) motivate individual separation of single-use

plastic waste (public opinion survey conducted by the author).
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FIGURE 5: Willingness to return WPBCs for financial refunds (reproduced from HKPORI, 2021).

eration for 2023 is not yet available, the comparison with
other jurisdictions indicates that the official levy value is
set well with international benchmarks. For the purpose of
comparison, the levy of each jurisdiction was divided by the
Big Mac Index, a means to adjust country differences in
consumer purchasing power between different countries.
The resulting ratio enables a ranking of each region/ coun-
try, while the reduction rate provides an overall indication of
the levies’ impact (Table 1). So, while Hong Kong ranks well
compared to other countries, its low reduction impact must
be seen in light of the comparatively short implementation
period.

4.2 Waste plastic beverage containers

For the stream of WPBCs, the path of institutional
evolution is substantially more complex as preferences
of scheme operators and consumers are each impacting
CE performance and price setting. The substantially more
voiceful stakeholder group were the scheme operators,
represented by DWW, which used its notable public rela-
tions activities to influence the ongoing PRS design. For
this group, the cost element plays a central driver. One
factor emphasized by the beverage producers in 2018 was
that virgin PET containers cost around 0.014 HKD/unit
(Deloitte, 2018). Any redemption value imposed on con-
tainers via a PRS would therefore have a notable impact
on retail prices and was seen as a potential disincentiviz-
ing factor for consumption. Hence the initiative’s strategy

consisted of suggesting a redemption value of 0.05. An-
other argument of DWW for this stance was the potential
for system fraud, which was assumed to occur should the
redemption value be set too high (DWW, 2020). An online
query on that challenge in the context of WPBCs however
indicates that fraudulent practices can be easily prevented
via digitalization, electronic financial transfers and single
unit counting (Tucker, 2022). These measures mirror what
the government has outlined in terms of requirements for
its PRS (EPD, 2021a and 2021b), which in turn renders this
danger relatively minimal. Yet, to DWW'’s credit, regarding
scheme operations, some of its proposed objectives have
gone beyond the government’'s demand, such as the inclu-
sion of all single-use plastic beverage containers in the
scheme, the emphasis on recycling network development
and inclusion of informal stakeholders (DWW, 2020).
Another economic mechanism promoted by DWW is to
replace the initially envisaged DRS with a VRS (DWW, 2021).
While this approach has been criticized by green groups as
failing to make consumers accountable for their consump-
tion (personal communication with Mr. L., May 2021), there
is yet another angle to it. DWW has notably highlighted
their intention to include low-income groups, e.g. house-
hold helpers, informal collectors and cleaners of residen-
tial buildings into their design for a PRS (DWW, 2020). The
DWW'’s argument therefore was that a VRS could induce
these stakeholders to recover otherwise discarded contain-
ers for a small monetary return. These considerations how-

TABLE 1: Using the Big Mac Index to compare economic viability of SUPB levy benchmarks (the author based on ACE, 2023 and https://

scaan.net/plastic_global/).

Country/ city Imple(ryn;r:;ation Le;’;rei:f:((:;i::;?ss Levy (EUR) (B?/il?) I}’;}:F{I’n;g;a) Levy/ BMI *100 Reduction
Ireland 2002 5 0.20 4.36 4.59 94%
Hong Kong 2022 0.33 0.11 2.45 4.48 60%
Portugal 2015 2 0.10 4.36 2.29 74%
UK 2015 8 0.06 4.06 1.48 98%
South Africa 2003 9 0.02 2.14 0.93 44%
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ever neglect two critical aspects: During the author’s field
research, it was indeed found that informal collectors and
cleaners delivered the majority of WPBCs over the DWW
pilotin 2021 amounting to 78-91%wgt. of overall recovered
quantities. Yet, once the subsidy ended, collected WPBCs
reduced by about 1/3 primarily due to informal collectors
ending their engagement (Steuer and Chen, 2023b). As this
pattern underscores the critical factor of pricing and val-
ue setting for a future PRS in Hong Kong, another aspect
of concern is system sustainability. During interviews on
the ground, the author and colleagues found that informal
collectors and cleaners were mostly about 60 years of age
and older. In turn solely relying on a low redemption value
to incentivize collection among low-income groups will not
be sustainable over the long term and at best constitute a
temporal externalisation of WPBC collection.

Given the notable efforts of DWW, the government has
picked up several suggestions of the group, for example by
leaving the question of DRS vis-a-vis VRS open to scheme
operators as well as supporting the DWW as key authority
regarding the consultancy for the further PRS design. Yet
on the matter of value setting, relevant government doc-
uments show a tendency among lawmakers to push for a
potential raise of the reimbursement value from 0.1 to 0.2
HKD (0.023 EUR) (LEGCOPEA, 2023). This would imply that
the information feedback from the corporate interest group
did not fully capture governmental stakeholders’ position
for decision-making and institutional design.

For consumers, the factor of economic value setting
does play a substantially less important role. As indicat-
ed in the previous sections, this group clearly supports a
PRS for WPBCs. Yet, as a recent findings have shown, to
motivate a majority of Hong Kong residents into participa-
tion the rebate value has to be set at around 1 HKD (0.12

EUR) (see Figure 5). That level is somewhat corroborated
by comparisons with international EPRs for WPBCs. Here
again resorting to the Big Mac Index and how it compares
to the suggested deposit/ redemption value, the officially
suggested 0.1 HKD and 0.2 HKD values appear compar-
atively low. Rather, a redemption value of around 0.5 HKD
would put Hong Kong closer to international best practice
systems: As shown in Table 2 below, the Deposit/BMI ra-
tio and the return rate show a strong positive correlation
(r,=0.854) for countries with an EPR for WPBCs. Hence,
raising bottle deposits in line with the BMI's purchasing
power parity benchmark appears to align well with higher
recovery rates. Assessed from this angle, Hong Kong's de-
cision-makers’ current proposal of 0.1 and 0.2 HKD would
thus appear to fall short of getting the prices right, which
for the case of WPBCs provides support for the research
hypothesis. By implication, the container value should at
least be raised to 0.5 HKD (0.054 EUR) to come closer to
the international Deposit/BMI median of 3.

4.3 Concluding remarks: The role of financial mech-
anisms vis-a-vis other institutional solutions

So are prices really the most decisive factor for Hong
Kong's CE on plastics? A review of consumer sentiment
would on first sight underscore this assessment. Among
this group there is a strong support for a PRS on WPBCs
and if raised to 1 HKD (0.12 EUR) or even 2 HKD (0.24 EUR)
would induce up to 78% and 87% of consumers to return
their bottles (Figure 5). Yet, besides purely economic incen-
tives, the government should also incorporate lessons from
previous behavioural evidence of this stakeholder group:
Prior pilots on the stream failed due to neglection of WM in-
frastructure providing convenience and accessibility. More-
over, the author's longitudinal analysis of CE preferences
among consumers shows that there is interest in WPBC re-

TABLE 2: Correlating international deposit values along the Big Mac Index with WPBC return rates (the author’s calculations based on

return rates provided by Reloop, 2020).

Big Mac Index (BMI)

Country Deposit Value (EUR)  Return rate (PET) 2016 Return rate (PET) 2019 (in 2020, EUR) Deposit/BMI*100
Croatia 0.06 87% 89% 2.93 2
Estonia 0.10 87% 86.9% 412 2.4
Lithuania 0.10 92% 92% 412 2.4
Sweden 0.11 84.9% 84.1% 5.04 2.2
Norway 0.16 88.2% 89.4% 5.16 3.1
Denmark 0.20 90% 94% 4.03 5
Finland 0.20 92% 90% 412 4.9
Germany 0.25 98% 97% 4.21 5.9
Netherlands 0.25 95% 95% 412 6.1
Median 0.14 89% 90% 412 3
?p?ﬂ,?;'ff?%ﬁzé’fz) 0.011 n.a. n.a. 222 05
Hong Kong (2023)

(Official deliberation: 0.023 n.a. n.a. 2.22 1
0.2 HKD)

Hong Kong

(int. standardised 0.054 n.a. n.a. 2.22 2.4
benchmark: 0.5 HKD)
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cycling systems, but in a similar manner various reduction
approaches to beverage containers as a business concept
enjoy support (Figure 3). Indirectly, this particularity points
to a rather reasonable assessment that not everything is
about economic incentives in the circular economy: Surely,
prices play their role in triggering or disincentivising certain
behaviours. Yet, potentially more important are questions
of overall institutional design. This pertains to developing
rule systems and business models that fit into the cultural
context of a region where the CE should take hold. More
specifically, the very idea of designing a usable solution —
a repairable product, a compostable packaging material, a
sharable device - in a circular manner that aligns with pref-
erences in the target society are key.

So while SUPB levies are likely to rise and a PRS for
WPBCs will most probably be instituted in the near future,
currently operated systems to spur recycling are in need
of an overhaul. Unfortunate in this regard is the govern-
ment monitored, privately operated MSW recyclable take-
back station network GREEN@COMMUNITY, which has so
far failed to incorporate consumer feedback. The network
density is low, impairing return delivery convenience; re-
demption is demonetarized by providing GREENS, a type
of digital reward point, that can be exchanged for food
products and other daily necessities; informal collectors
and residential cleaners, who deliver the majority of WP-
BCs, yet prefer to supply the cash-rewarding traditional pre-
processor network. As the latter received a median of 600
kg/month, it dwarfed the GREEN@COMMUNITY stations’
reclaim performance of 244 kg/month (Steuer and Chen,
2023b). Against the backdrop that the formal institutional
development would have to act on two fronts — adjusting
prices and developing WM infrastructure — to account for
public interest inclusiveness and thereby incentivize par-
ticipation, the question is whether recycling is the best CE
option for managing WPBCs. Previous work of the author
and colleagues employing a projective LCA has shown that
a combined refuse-reuse scenario with alternative pack-
aging would be environmentally more beneficial than re-
cycling WPBCs (Steuer and Chen, 2023b). Given the high
anticipated costs for WM infrastructure development in
Hong Kong, alternative CE approaches beyond recycling
single-use beverage containers are worth considering to
achieve a sustainable, circular system in the city.

What however constitutes a major set-back for Hong
Kong’'s CE ambitions (beyond the single stream of waste
plastics), is the repeal of Hong Kong’s municipal waste
charging scheme, a detrimental decision officially an-
nounced on 27 May 2024. The scheme intended to apply
the polluter-pays principle by charging households for resid-
ual waste not segregated in recycling bins. Without doubt,
its implementation would have required more efforts and
imposed costs (around 0.11 HKD or 0.013 EUR per litre)
on residents. Vice-versa, however, the measure could have
effectively paved the way for more elaborate EPR schemes,
such as for WPBCs, and reduction efforts by consumers.
The simple logic that was missed out on by rescinding the
scheme is that making polluters pay enforces stakeholders
to rethink consumption patterns. By extension, adequate
price-setting in waste charging that accounts for different

income groups, will contribute to resource conservation,
which ultimately represents one of the key environmental
objectives of the CE. The point to be made is that economic
mechanisms can best deliver their impact in a CE, if a reg-
ulatory framework sets an effective playing field: Societies
have to accept that anthropogenic dynamics affect the nat-
ural environment and offsetting these by marked-oriented
internalisations will fall short of being effective. In Hong
Kong, the shortcomings have been evident for the cases
of SUPBs and WPBCs: Low associated ‘costs’ do not drive
consumers or producers to align with CE principles such
as refuse, rethink, reduce or recycle. Instead a mandatory
framework is necessary to outline stakeholder responsi-
bilities, set resource-efficiency targets and develop a long-
term pathway towards sustainable resource use.
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ABSTRACT

The growth of solar energy has been remarkable between 2013 and 2022 on EU level,
with a doubling of capacity from 80 GW to 197 GW. To recover valuable materials and
mitigate environmental impact, it is imperative to have effective waste management
practices in place. While recycling technologies are still in the experimental phase,
the EU has put in place legal frameworks for manufacturer liability. There are contin-
uous efforts being made to develop commercially viable technologies for the man-
agement of end-of-life PV module waste. An important part of the system of renew-
able sources is the establishment of a high-quality and efficient waste management
system, which is contained within the concept of the circular economy. PV modules
will at some point reach the end of their life cycle, which is estimated to be around
25 years, and become waste, therefore a lot of effort is currently being put into re-
search and development of different waste treatment technologies of PV modules.
They are still in the experimental phase, and few technologies become commercially
available. Also, the management of waste generated at the end of the life cycle of
photovoltaic technology is not yet fully regulated. However, at the level of the Euro-
pean Union, there is a legal framework for the liability of PV module manufacturers
according to Directive on electric waste and electronic equipment. This paper is a

1. INTRODUCTION
1.1 Renewable energy and European Union policy

Renewable energy sources are energy sources that nat-
urally replenish and do not deplete like fossil fuels. Renew-
able energy sources include hydroelectric power, wind en-
ergy, solar energy, marine energy, geothermal energy, and
bioenergy. The total global capacity of renewable energy
sources in 2013 was 1,567 TW, and in 2022 was 3,382 TW
(IEA PVPS, 2023).

The ultimate goals of the growth share of renewable
energy sources are reduction of harmful gas emissions,
the impact on the environment and the prevention of re-
source depletion. Their use can help decrease the reliance
on fossil fuels and increase energy sustainability, which will
be beneficial for the environment and economy in the long
run. Accroding to (Isherwood, 2022) solar energy occupied
8,5% of the total capacity of all renewable sources in 2013,
and more than 30% in 2022. Therefore, solar photovoltaic
(PV) technology is widely recognised as key to achieving
fully decarbonised energy generation, and as such is a vi-
tal tool in combatting climate change. Still, the production
process of PV modules may involve some greenhouse gas
emissions, but they do not produce any greenhouse gas
emissions during their use.

detailed review of recycling technologies based on existing literature.

Also, a new look at the energy strategy of the European
Union (EU) is also a consequence of the Russian-Ukrainian
war conflict that has been ongoing since February 2022.
Therefore, the EC’s REPowerEU plan was adopted in May
2022, where the EU proposes to end the energy dependence
on Russian fossil fuels. Now it is the time for the European
Union to turn to a rapid increase in renewables to establish
energy independence from Russia. Hence, some member
countries increased the targets for renewable electricity,
introduced higher auction volumes and improved remuner-
ation for distributed PV, reduced permitting timelines for
solar and wind plants, increased grid capacity for new re-
newable energy projects etc. (RES Croatia, 2022).

If capacities of different types of renewable energy
sources are compared in the period 2013-2022 in the EU,
it can been seen a significant growth primarily in solar en-
ergy, followed by wind energy, while the other resources
have almost the same capacities (Figure 1). In a period of
9 years, solar energy capacities have more than doubled,
from 80 GW in 2013 to 197 GW in 2022.

It is important to emphasize that a significant part of
the system of renewable sources also includes the estab-
lishment of a quality and efficient waste management sys-
tem. Therefore, it is necessary to establish effective and

* Corresponding author:
—\ Ivana Presecki
[ email: ivana.presecki@gfv.unizg.hr

QQ Detritus / Volume 27 - 2024 / pages 47-65
https://doi.org/10.31025/2611-4135/2024.18385
© 2024 Cisa Publisher. All rights reserved



sustainable waste management mechanisms and move
away from the traditional practice of landfilling waste with-
out treatment, which is contained in the circular economy
of the European Union. The circular economy advocates
an industrial economy that is consciously renewable, aims
to use renewable energy sources, reduces, and strives to
eliminate the use of chemicals and waste generation, and
creates new jobs and green technology. Considering that
the technologies of renewable energy sources are relative-
ly new and that the transition is still at an early stage, the
management of waste generated at the end of the life cycle
(EOL) of photovoltaic (PV) technology is not yet fully regu-
lated (Heath et al., 2020). However, all PV modules eventu-
ally reach the end of their life. Ensuring that the materials
contained within modules at the end of their life are not
confined to landfills has been an initial policy focus in the
EU and other regions. Hence, PV modules are sorted based
on the power of their installation facility and the time they
entered the market, thus permitting differentiated process-
ing according to technical and economic criteria. This uses
an approach known as extended producer responsibility
(EPR), which now represents one of the most important
meta principles of environmental policy (Sica et al., 2018).
The biggest challenge is likely to come from PV systems
that were manufactured before the extended producer
responsibility policy and from systems manufactured by
manufacturers that no longer exist.

The EU has pioneered waste electric and electronic
equipment (WEEE) regulations including PV waste spe-
cific collection, recovery, and recycling targets Directive
on Waste Electrical and Electronic Equipment, according
to end-of-life PV modules are hazardous waste belonging
to the category of WEEE since 2012. The WEEE legislation
has set up the minimum rules and targets for the dispos-

250.000

200.000

146.307

al of photovoltaic modules in EU member states. Revised
Directive 2012/19/EU from 2019 suggests the minimum
collection rate annually shall be 65% of the average weight
of WEEE generated on the territory of that member state
concerned, or alternatively 85% of WEEE generated on the
territory of that member state. Minimum targets applicable
to PV modules from 2018: 85% of weight shall be recov-
ered, and 80% shall be prepared for re-use and recycled
(European Union, 2012). However, every European country
must transform this EU legislation into national law and
can further refine or strengthen the rules behind the collec-
tion and recycling process. The main problem arising from
this type of waste is the presence of environmentally toxic
substances and the poor biodegradability of waste, which
takes up significant space when deposited in landfills.
Currently, there is no pressure to ensure recycling capac-
ity for photovoltaic panels since their lifespan is relatively
long (25-30 years), they are still relatively new technology,
and significant quantities of panels have yet to reach end-
of-life stages which is anticipated by the early 2030s. . EoL
processing technologies for photovoltaic panels are not
yet green, but scientists and engineers around the world
are working on improvements in terms of efficiency, en-
vironmental friendliness, and low-cost technology. As the
quantity of waste photovoltaic panels increases, countries
will have to establish their own disposal structures or hand
over their photovoltaic waste to other countries, incurring
high costs and without reclaiming the materials obtained
through recycling. Currently, damaged photovoltaic mod-
ules covered by warranties mostly end up with the man-
ufacturers who ensure proper disposal by handing them
over to processors (Salim et al., 2019). All products should
be designed and engineered for reuse after EoL. Thus, a
closed loop implies a circular industrial system within a cir-

203.539

197.623

152.601

150.000

105.669

CAPACITY (MW)

100.000

80.051

50.000

27.461

2013 2014 2015 2016 2017

——Hydropower =——Marine energy ——Wind energy

2018 2019 2020 2021 2022

YEARS

-Solar energy ——Bioenergy ———Geothermal energy

FIGURE 1: Total renewable energy capacity in the European Union 2013-2022. Data according to (IRENA, 2023).
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cular economy, where the photovoltaic panel is designed
in such a way that all the materials used for its production
in the EoL can become a primary resource without creat-
ing waste and sacrificing quality, the whole process can be
observed by up-cycling (Contreras-Lisperguer et al., 2017).

Researchers have placed focuses more on the PV
waste in the countries where PV was initially installed or
PV installation has kept rapid growth, such as Mexico, Italy,
Spain, Australia, the OECD countries, USA, Belgium, India,
and China (Song et al., 2023) Since the PV power capacity
is increasing widely industrial-scale disposal or recycling is
a vital economic and environmental aspect to consider (A.
Omar et al., 2023).

Although waste management in accordance with the
circular economy is covered, the work is focused on the
review of PV module recycling. The introduction of the ar-
ticle provides an overview of the current installed capac-
ity of renewable energy sources as well as solar energy.
Trends in the installed capacity of individual renewable
sources in the period 2013-2022 are presented. Then the
shares of individual PV technologies on the market are
presented. Later, a description of PV technologies is given
with the specified materials used for individual compo-
nents and a comparison of the technologies. The greatest
emphasis is on the recycling process of PV technologies,
so different recycling processes and the obtained results
are listed.

1.2 Market and quantities of PV panels

PV module market can also be tracked through PV
module capacity. The global picture of the growth of the
capacity of PV modules is shown in Figure 2. For the period
2013-2022 an intensive growth of capacity is visible, espe-
cially for the area of Asia.

Although different types of PV cells are under develop-
ment, only technologies that meet the criteria for service
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life (> 15 years), efficiency (> 14%) and cost (< 0.3 USD/Wp)
and that are not significantly constrained in resources can
represent a major technological trend in solar energy appli-
cation (Benda & Cerna, 2020). This is also confirmed by the
representation of each PV technology on current market.
Therefore, the market share of silicon-based panels is pro-
jected to decrease to 44,8% until 2030, while third-genera-
tion PV panels are predicted to reach 44,1% in 2030 (IEA
International Energy Agency; International Renewable En-
ergy Agency, 2016).

Currently, c-Si technologies account for more than 95%
of the overall cell production. Therefore, this review article
focuses mostly on silicon PV module recycling techniques,
although the main characteristics of other solar module
technologies will be mentioned hereinafter. In 2015, tech-
nology of polycrystalline silicon PV module dominated the
market with a share of 69,5%, and in 2019 monocrystalline
silicon PV technology with a share of 65,5% (Figure 3).
Amorphous silicon cells are dominant type of thin film so-
lar cells and accounts about 13% of market share (Sander
etal., 2007).

Regarding the estimation of PV waste, Figure 4 shows
an estimation of cumulative PV waste up to 2050 for regu-
lar and early-loss scenarios on global level. The early-loss
scenario gathers following assumptions, according to (IEA
International Energy Agency; International Renewable Ener-
gy Agency, 2016):

+ 0,5% of PV panels (by installed PV capacity in MW) is
assumed to reach end-of-life because of damage du-
ring transport and installation phases.

0,5% of PV panels will become waste within two years
due to bad installation.
2% will become waste after 10 years.

+ 4% will become waste after 15 years due to technical

failures.
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FIGURE 2: PV technology installed capacity globally 2013-2022. Data according to (IRENA, 2023).
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FIGURE 4: Estimated cumulative global waste (million t) of EoL PV panels. (IRENA & IEA-PVPS, 2016).

The early-loss scenario projection estimates much
higher total PV waste streams, with 250.000 t alone by
the end of 2016. This estimate would rise to 8 million t
in 2030 and total 78 million t in 2050 on global level. The
early-loss scenario assumes a higher percentage of early
PV panel failure than the regular-loss scenario. In the reg-
ular-loss scenario, PV panel waste amounts to 43.500 t by
the end of 2016 with an increase predicted to 1,7 million t
in 2030. An even more drastic increase to approximately
60 million t could be expected by 2050 (IEA International
Energy Agency; International Renewable Energy Agency,
2016).

The capacity of CPV modules in the world in 2022 was
<1% of the total capacity of solar energy sources, which
was 6,6 GW. A similar share of CVP module capacity was in
the European Union in 2022 and amounts a little more than
1%, which was 2,3 GW (IEA PVPS, 2023).

2. TECHNOLOGY OF PHOTOVOLTAIC PA-
NELS

2.1 Classification

Solar radiation is converted into direct current elec-
tricity by photovoltaic cell often called solar cells. When a
material absorbs photons (the unit of electromagnetic radi-
ation) with energy above a certain threshold, the photovol-

taic effect caused electrons to move within semiconduc-
tor material. Solar cell technology is based on this basic
physical mechanism called photovoltaic effect (Voudouksis,
2018).

Interconnected PV modules make-up a solar panel or
module, which can then be further connected into solar ar-
rays or fields (Figure 5). It is important to note that solar
panels perform best when exposed to direct sunlight, but
they can still generate electricity even in cloudy weather,
although in smaller quantities (Y. Xu et al., 2018). Typically,
PV modules are rated form 290 W to 600 W, depending on
the technology and the size (International Energy Agency,
2022).

The most used classification of solar cells is the one
where they are divided according to the cell production
technology. Therefore, there are three generation of photo-
voltaic cells presented in Table 1.

2.2 1st generation of solar panels

Wafer based crystalline silicon cells are classified as
first generation of solar cells. There are two main types:
monocrystalline silicon and polycrystalline silicon solar
cells. Figure 6 shows wafer based crystalline silicon cell
design.

Silicon is environmentally safe and the second most
abundant chemical element in the Earth’s crust. However, it
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FIGURE 6: Wafer based crystalline silicon cells design (Tao & Yu, 2015).

is mainly found in the form of silicon dioxide and is there-
fore not suitable for direct use in photovoltaic modules.
A significant portion of the costs associated with silicon
goes to its extraction and processing to obtain a clean and
uniform structure (Kumar et al., 2020).

TABLE 1: Most used classification of solar cells.

Tst
generation

Wafer-based crystalline
silicon cells

Monocrystalline silicon (mono
c- Si) solar cells

Polycrystalline silicon (poly
¢-Si) solar cells

2nd
generation

Single junction thin film
cells

Amorphous silicon (a-Si) and
Micromorph silicon (p-Si) thin
film solar cells

Cadmium Telluride (CdTe) thin
film solar cells

Copper-indium-gallium-disel-
enide (CIGS) and Copper-indi-
um-diselenide (CIS) solar cells

3rd
generation

Devices with potential
efficiency above the
Shockley-Queisser

limit (tandem cells) and
emerging technologies
using new materials

Dye sensitized (DSSC) solar
cells or light absorbing dye*

Concentrated solar cells

Perovskite solar cells

Quantum dot solar cells

* Also called organic cells

Only a few manufacturers control the whole value chain
from quartz to solar cells. After production of 100% pure
silicon rods, boron and phosphorus are added using a dif-
fusion machine. Electrical contacts are then placed to con-
nect each solar cell to another as well as to the junction
box. The thinner the electrical contacts, the more sunlight
the cell can absorb. After that, tin-coated copper strips
are placed between the cells. Because pure silicon is still
too shiny and can reflect up to one-third of sunlight, an
anti-reflective coating is applied to the cell. Anti-reflective
coatings are made of an oxide such as tantalum pentoxide
(Ta,0,), titanium dioxide (TiO,), silicon monoxide (Si0), sil-
icon dioxide (Si02), silicon nitride (Si,N,), aluminium oxide
(AL0,), ITO (indium-tin-oxide), tin oxide (Sn0,). After these
steps, the solar cells are usually sealed in ethylene vinyl
acetate copolymer (EVA), placed in a frame that is sealed
with silicone adhesive or polybutylene sealants and cov-
ered with a mylar back and a glass or plastic cover on the
front. Other materials such as thermoplastic polyurethane
(TPU), polyvinyl butyral (PVB) and silicone can also be used
as encapsulating materials, the function of which is to bond
the various layers and components together. The back lay-
er or back sheet is usually made of Tedlar (trade name of
PVF - polyvinyl fluoride) based or PET (polyethylene tere-
phthalate) based. Chemicals and solvents like hydrochloric
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FIGURE 8: Thin-film cells (a-Si, CIGS, CdTe) design.

acid, nitric acid, hydrogen fluoride, acetone and ethanol are
used for cleaning wafers and removing impurities during
the fabrication process (MSK Instruments, 2024).

Atypical crystalline PV panel with aluminium frame and
60 cells has a capacity of 270 Watt peak (Wp) and weights
18,6 kg (IEA International Energy Agency; International Re-
newable Energy Agency, 2016). When the average of the
specified ranges is calculated, a pie chart with a grand total
of 100% is obtained (Figure 7).

2.3 2nd generation of solar panels

Thin-film PVs are classified as the second generation
of solar systems. Commonly used thin film solar cells are
amorphous silicon (a-Si), micromorph silicon (p-Si), cadmi-
um telluride (CdTe) and copper-indium-gallium-diselenide
(CIGS) and copper-indium-diselenide (CIS) thin film solar

cells. Some of the varieties of a-Si modules are amorphous
silicon carbide (a-SiC), amorphous silicon germanium
(a-SiGe) and amorphous silicon-nitride (a-SiN) (IEA Inter-
national Energy Agency; International Renewable Energy
Agency, 2016).

A thin-film module consists of several solar cells that
are wired together, as shown in Figure 8. The module con-
sists of thin semiconducting layer (CdTe, CIGS or a-Si) ob-
tained using chemical vapor deposition techniques and a
substrate - glass, polymer, or metal. Laser-scribing is used
to delineate individual cells and make electrical connec-
tions between cells. Materials also used for thin-film PV
cells are gallium arsenide (GaAs), copper and titanium di-
oxide (TiO2). The typical structure of transparent conduct-
ing oxide (TCO) layer consists either of tin oxide (Sn0,) and
indium tin oxide (ITO), or of zinc oxide (ZnO) (Savvilotidou
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et al., 2017). The thickness of thin film cells varies from 80
nm - 0,5 ym (Dhilipan et al., 2022).

For a standard CdTe panel, 1710 Wp can be assumed on
average for 12 kg. A CIGS panel usually holds a capacity of
160 Wp and 20 kg (IEA International Energy Agency; Inter-
national Renewable Energy Agency, 2016).

Although there is no toxic material in the final product
of a-Si modules, the manufacturing processes do involve
toxic and pyrophoric gasses such as germane, phospho-
rus, trimethylborane, silane, hydrogen and so on (X. Deng
& Schiff, n.d.).

2.4 3rd generation of solar panels

This is a generation that is still in the development and
laboratory testing phase. Devices with potential efficien-
cy above the Shockley-Queisser (S-Q) limit and emerging
technologies using new materials are classified as third
generation of solar cells. The S-Q model describes the ef-
ficiency limit for a single-junction solar cell under one-sun
illumination. Efficiency beyond the S-Q limit can potentially
be achieved for a single-junction solar cell by using the pro-
cess of multiple exciton generation (e.g. in quantum dots),
up or down conversion of incident light, or limiting radia-
tive emission (raising the cell voltage (Polman et al., 2016).
Theoretically, tandem modules composed of several sin-
gle-junction cells can be used for efficiency above the Q-S
limit. Some third generation PV modules are listed below.

Concentrating PV (CPV) module is a complex system
that uses mirrors and optics to collect high levels of sun-
light to concentrate incoming radiation using collectors and
mirrors. They can be classified into three types according
to the semiconductor material and the type of tracker used:
high concentrator PV (HCPV) modules, low concentrator
PV (LCPV) modules and compound parabolic concentra-
tors (CPC). HCPV modules are made of multijunction cells
with semiconductor alloys which contains elements from
groups lll and IV in the periodic table and are built with dou-
ble-axis sun trackers. LCPV modules are composed of c-Si
or other semiconductor materials and are built with double
or single-axis sun trackers. Unlike the previous two types
of CPV, CPCs are designed without sun trackers and are
concave in shape so that the ratio of reflection of incident
light to the absorber is very high.

The cost of HCPV and LCPV modules is very high,
which makes them inaccessible for conventional PV appli-
cation. Hence, they are mostly used for space application
(Kumar et al., 2020).

Organic cells use dye or organic semiconductors as the
active light-harvesting layer. These are photochemical cells
that are based on chemical processes to produce electric-
ity from light, not using standard semiconductors. Pho-
toelectrochemical cells include dye sensitized (Gréatzel)
cells and polymer (plastic) cells. This technology has been
researched a lot over the past few years and is currently
the fastest growing solar technology. Despite the low pro-
duction costs, stable products are not yet available on the
market due to corrosion problems due to exposure to water
(Polman et al., 2016).

Quantum dot solar cells are single-junction designs
that use colloidal quantum dots (CQDs) with lead sulphide

(PbS) that have a bandgap that can be tuned into the far
infrared, frequencies that are typically difficult to achieve
with traditional solar cells. Half of the solar energy reach-
ing the Earth is in the infrared, most in the near infrared
region. Moreover, CQDs offer easy synthesis and prepara-
tion. While suspended in a colloidal liquid form they can be
easily handled throughout production, with a chimney as
the most complex equipment required. CQDs are typically
synthesized in small batches but can be mass-produced
(Polman et al., 2016).

Perovskite solar cells are derived from the ABX3 crys-
tal structure of absorber materials, which is called a per-
ovskite structure, where A and B are cations and X is an
anion. In 2021, the perovskite solar cell achieved an effi-
ciency of 28% in the silicon-based tandem and 23,26%
in the CIGS-based tandem (International Energy Agency,
2022). Although perovskite solar cells have become very
efficient in a very short time, there are still many challenges
before they become a competitive commercial technology.
For example, they degrade faster than silicon solar panels,
especially in a harsh environment, but their methods of pro-
duction are low-cost.

2.5 Comparison of PV technologies

Photovoltaic panels directly convert solar energy into
electricity without using mechanical moving parts that
are prone to wear and tear. They do not contain liquids or
gases that can unexpectedly escape from the production
facility, and they do not pollute the environment (includ-
ing thermal pollution). They do not require additional fuel
or auxiliary energy sources to function and have a fast re-
sponse time, reaching full power almost instantly. Due to
their modular nature, they have a wide range of applica-
tions, from small standalone units with just a few watts of
power to autonomous power sources of several kilowatts,
and even centralized power plants in the megawatt range.
They can be located wherever electrical energy is needed.
However, they do not produce electricity continuously, so
grid storage systems such as batteries or grid connections
are required (Hossein Karami Lakeh, 2024).

Thin-film modules have lower power and durability than
the first-generation c-Si solar panels (Kumar et al., 2020).
However, a-Si modules use less raw material than crystal-
line silicon modules. Amorphous-Si PV modules are light,
flexible and radiation resistant, making them desirable for
energy and space applications. Still, they are more appro-
priate in micro-power applications such as a solar-powered
calculator and high-temperature environments hence they
are less sensitive to temperature than c-Si solar cells (H.
Kang, 2021). Previously, a-Si and p-Si had a significant mar-
ket share but failed to keep pace with the cost of crystalline
silicon cells and the increasing efficiency of other thin film
technologies (IEA International Energy Agency; Internation-
al Renewable Energy Agency, 2016).

In terms of module efficiency, crystalline silicon solar
panels have the highest efficiency, which is confirmed by
their wide use. Silicon has a band gap energy of 1.1 eV,
meaning it can absorb photons with an energy of up to
1100 nm. Hence, most used PV cells utilize silicon var-
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iations altered by doping process to make them suitable
semiconductors (Ghazy et al., 2021).

PERC (Passivated Emitter Rear Contact) solar cells are
designed with an extra layer on the bottom of the solar cell
which adds an additional 5% efficiency. This additional lay-
eris called a dielectric passivation layer which has become
the dominant commercial technology. An additional dielec-
tric passivation layer reduces electron recombination, which
affects the increase in electric current production. It also
increases the solar cell’s ability to capture light due to the
layer’s reflective properties, so photons have more oppor-
tunities to generate electricity (backside passivation). And
finally, PERC reflects wavelengths above 1180 nm. In the
conventional Si-cell, such wavelengths are easily absorbed
by backside metallization layer and converted into heat.
Longer wavelengths are especially present during the morn-
ing and evening or during cloudy days (Ghazy et al., 2021).

Monocrystalline panels have higher energy efficiency
and have gained the largest market share in the last few
years, 85% of c-Si (International Energy Agency, 2022). The
difference in efficiency depends on the TCO performance,
semiconductor material quality, deposition uniformity, en-
capsulation loss, busbar shadow loss and electrical loss.

Regarding module efficiency, (Luo et al., 2017) reviewed
potential induced degradation (PID) of c-Si and thin-film
PV modules. The progression of PIDs in c-Si modules de-
pends on the applied voltage, humidity, and temperature.
Four types of test methods are available to assess cell and
module level PID sensitivity. At the module level, chamber
PID and Al PID tests are often used, while at the cell level,
PID sensitivity can be tested by corona discharge PID set-
up or bias voltage application on a module-like layer stack.

According to the prediction shown in Figure 9, by 2030
there will be a decrease in the mass share of materials in
the PV module. This affects the reduction of production
costs, resource conservation, reduced use of rare and haz-
ardous substances, increased module efficiency and lower
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module prices. However, the thinner the wafer, the more
fragile it is and therefore breaks more easily during the re-
cycling process, so if you want to preserve an intact wafer,
the recycling process becomes difficult.

In the manufacturing of silicon PV modules, the pro-
duction costs of monocrystalline and polycrystalline sili-
con PV cells are reduced. Therefore, material consumption
for silicon cells has decreased significantly from about 16
grams/Wp in 2006 to less than 4 grams/Wp in 2016 (IEA
International Energy Agency; International Renewable En-
ergy Agency, 2016).

PV module manufacturers have introduced a wide va-
riety of advanced module technologies to the market with
higher electrical power output, more weather resistance
and lower cost. So, there are frameless modules that effec-
tively eliminate module current leakage, glass-glass mod-
ules replace the back sheet with heat-strengthened glass
to ensure high performance in harsh environments, bifacial
modules benefit from additional power generated from
the rear, advanced module bonding reduces copper ribbon
and lead solder of tandem modules for higher efficiency.
Therefore, bifacial photovoltaic technology is considered a
promising alternative, as it can generate more energy than
conventional monofacial PV technology by absorbing sun-
light from both sides. Compared to monofacial PV, bifacial
PV module has an additional layer of anti-reflective coating
and back contacts instead of a back surface on the back
of the PV module. Moreover, to increase efficiency, there
is module technology in tandem design (Gu et al., 2020).
However, the cost of this technology prevents their wide-
spread commercial use, (Nanayakkara et al., 2017) found
that the cost of both tandem module structures (CdTe/CIS
and CGIS/CIS) on an equal-area basis is approximately 30
USD/m? higher than single-junction alternatives, although
their efficiency is 4% higher.

Except for the third generation of cells, c-Si panels have
the lowest mass in relation to the energy produced (0,102
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FIGURE 9: Total renewable energy capacity in the European Union 2013-2022. Data according to (IRENA, 2023).
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kg/Wp), which is another reason why c-Si panels dominate
the market (Divya et al., 2023).

3. EOL PV MANAGEMENT & CIRCULAR ECO-
NOMY

As already emphasized earlier, the European Union
provides a legislative framework for the extended respon-
sibility of PV module manufactures at the European level
through the Directive on waste electrical and electronic
equipment (European Union, 2012). End-of-life manage-
ment works on the principle of extended producer respon-
sibility, which means that producers must be physically
and financially responsible for the environmental conse-
quences of their products until the end of their life cycle.
This approach encourages the creation of more environ-
mentally friendly products with a reduced environmental
impact. Moreover, the EPR can be used to establish funds
to support the financing of efficient collection, treatment,
recycling, and disposal systems. Although producers bear
the cost of waste management, these additional costs can,
unfortunately, still be passed on to consumers, leading to
higher product prices.

However, the concept of a circular economy involves
the reducing waste and closing the loops within industri-
al ecosystems. This is achieved by transforming goods at
the end of their life into valuable resources (A. Omar et al.,
2023). An appropriate EoL management strategy for solar
photovoltaic systems is crucial, not only to prevent and/
or mitigate future environmental issues but also to reduce
the demand for rare materials (Salim et al., 2019). Waste
management of PV modules at the end of their life offers
options related to each of the 3Rs of sustainable waste
management: Reduce, Reuse, Recycle. The solar panel
industry is indeed developing rapidly, and the installed ca-
pacities are increasing every day, which makes it almost
impossible to completely prevent or reduce the generation
of waste at the end of their life cycle. Therefore, the focus
should be on proper waste management in other segments
of the waste hierarchy: reuse, recycling, energy recovery
and, the last resort, disposal. The disposal option creates
additional costs, and it does not recover the intrinsic val-
ues of the materials present in the PV modules (Lunardi et
al., 2018).Thus, (Tao & Yu, 2015) provided an overview of
commercially available PV modules and their waste man-
agement pathways that include waste recycling, reman-
ufacturing, and reuse. The current design of PV modules
makes it difficult not only to repair and maintain modules,
reuse, and remanufacture components, but also limits the
possibilities of recovering secondary materials (Fiandra et
al., 2023). (Masoumian & Kopacek, 2015) pointed out that
reuse refers to the further use of a worn or damaged PV
module or its parts. The reasonableness of such reuse is
strongly related to the expected lifetime of the module or
part of a module. Some of the materials used to manufac-
ture PV modules will either be disposed of or incinerated
as they can neither be recycled nor reused (Contreras-Lisp-
erguer et al., 2017). However, it has been estimated that
about two-thirds of these PV modules can be repaired or
refurbished, and only about 10% of PV modules are recy-

cled worldwide (Lunardi et al., 2018). Therefore, approxi-
mately 50% of PV waste can be diverted from the recycling
stream. The ratio is likely to be even higher as functional
photovoltaic modules that are retired also enter the waste
stream. A report by (IEA International Energy Agency; Inter-
national Renewable Energy Agency, 2016) estimates that
up to 80% of the PV waste stream will consist of products
with premature failures in next 10 years, such as manufac-
turing defects or damages caused during transportation.

During the production of PV modules, certain hazard-
ous and toxic substances such as Cd and Pb are used in
small quantities. These substances will be present even at
the end of their lifetime, so this should be considered to
avoid their harmful effects on people and the environment
(Rathore & Panwar, 2022). Rare materials such as ruthe-
nium, gallium, indium, and tellurium are essential compo-
nents of some type of photovoltaic panels. Some materials
contained in the PV modules are classified as hazardous.
The main concern regards the presence of cadmium in
thin film module, and of lead and chromium in crystalline
modules (Tammaro et al., 2015). If special requirements
for handling and disposal are not implemented, these haz-
ardous substances could potentially be released into the
environment at the end of the panels’ life. Therefore, this
transitional period should be utilized for financing and de-
veloping efficient and environmentally friendly recycling
technologies to maximize the recycling of materials con-
tained in solar modules in the future (Salim et al., 2019).

Although standards exist today to produce PV modules,
there are only limited insights and hardly almost no stand-
ards on the characterization, reliability testing, certification
or labelling for second-life PV modules (Tsanakas et al.,
2020).

4. REVIEW OF PV PANEL RECYCLING ME-
THODS

After increasing the installed capacity of PV modules,
more and more attention is being paid to the end of life of
PV modules, especially in the EU. As stated earlier, the min-
imum targets applicable to PV modules from 2018 are that
85% of the weight must be recovered and 80% prepared for
reuse and recycled. This requires improvements of the re-
cycling process because downcycling is no longer efficient
enough. Despite the great potential interest of researchers
in PV recycling, primary data on PV recycling is still very
scarce (Ardente et al., 2019).

In this section, a detailed review of recycling technology
is made according to the literature regarding mathemati-
cal modelling, software simulation, experimental tests, and
practical application. There are different methods of eval-
uating the recycling process for different types of PV mod-
ules through energy, economic and environment/social
analyses that can be confirmed by laboratory tests, pilot
projects or commercial technology. (Lunardi et al., 2018)
present a review of the recycling process of PV modules
using examples of pilot and commercially used recycling
procedures. A large part of these analyses remains only in
the research and development phase, and a smaller part
of the recycling process becomes commercial. There are
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several different review articles. Some of them deal with
a systematic quantitative literature review on the EoL of
PV panels (Mahmoudi et al., 2019), some review the re-
cycling status and different recycling methods of solar
panels (Divya et al., 2023; Isherwood, 2022), the environ-
mental impact (De Sousa et al., 2023; Divya et al., 2023b;
Rathore & Panwar, 2022), or recycling policy (Chowdhury
et al.,, 2020). (McDonald & Pearce, 2010) emphasized that
the economic motivation for recycling most PV modules is
unfavourable without appropriate policy. (Seo et al., 2021)
concluded that the recyclability of c-Si PV panels is guaran-
teed by recycling technologies that can reduce the environ-
mental burden. However, to promote the recycling industry,
it is necessary to ensure a sufficient level of value-added
opportunity.

With the development of the third generation of pho-
tovoltaic modules, whose goal is to increase the efficien-
cy of the modules, tandem or multi-junction p-n modules
appear, which require a more complex recycling process
since they consist of several single-junction solar modules.
The recyclability of PV module components can be deter-
mined by the materials from which these components are
made (Figure 10). Recycling procedures for c-Si PV panels
differ from those applied to thin-film PV panels due to their
different module designs. There are also precious and rare
metals such as silver (Ag), gallium (Ga), indium (In), germa-
nium (Ge), cadmium (Cd) and tellurium (Te). As for thin-film
panels, they use less material than c-Si panels, but there
are concerns about the availability and toxicity of materials
such as tellurium (Te), indium (In), and cadmium (Cd)(Sav-
vilotidou et al., 2017). Tellurium has a harmful effect on the
liver, while cadmium can cause lung cancer, and affects
bones and kidneys. Indium compounds damage the heart,
kidney, and liver, and may be teratogenic. Conventional ma-
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terials in PV panels are aluminium (Al), copper (Cu) and
glass, as well as high-purity energy-intensive material such
as the silicon (Si). The great economic importance of silicon
for Europe, together with the high supply risk, justified its
inclusion in the list of Critical Raw Materials (CRMs) of the
EU. The main global producers of silicon are China (66%),
the USA (8%), Norway (6%) and France (4%), and the main
sourcing countries are Norway (30%), France (20%), China
(11%), Germany and Spain (both 6%) (Critical Raw Mate-
rials Resilience: Charting a Path towards Greater Security
and Sustainability, 2020). Glass and aluminium production
are also energy-intensive processes. Therefore, avoiding
the disposal of these materials in landfills would contribute
to significant environmental gains (Molano et al., 2022).

Figure 10 shows the typical structure of a Si-based PV
module. Recycling of photovoltaic panels is a process that
involves collecting, disassembling, and processing the var-
ious components of the panels for reuse. This presents a
significant challenge, especially with the laminate encap-
sulant (typically EVA) used in PV modules, due to the high
temperature processes (requiring significant energy con-
sumption), the use of solvents, and treatment of fumes
during encapsulate removal (Pagnanelli et al., 2016). Dif-
ferent materials for encapsulants such as PVB and EVA, or
some unspecified materials can affect the behaviour of the
module during the recycling process (S. Kang et al., 2012).
Another important fact is that not all materials can be re-
cycled, for example the EVA layer in the module has hardly
been recycled so far. . Despite being a thermoplastic, the
amount of vinyl acetate can cause the polymer to cross-
link, which in turn makes its recycling unfeasible. Removing
polymers using high temperatures will normally generate
atmospheric emission that might be toxic according to
the method and the polymers. The use of organic solvents

Component Material Recyclable
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FIGURE 10: Recyclability of c-Si PV module’s components.
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can assist in the component separation phase with objec-
tive to separate of remove the encapsulant. This is most
complex step of recycling PV modules. In industrial appli-
cation, the use of organic solvents is hardly feasible be-
cause it requires a closed process (P. Dias & Veit, 2018). In
contrast, recycling the aluminium frame, glass and plastic
back is not technologically demanding. (Zhang et al., 2013)
showed after testing that thermal separation, from an eco-
nomic and ecological point of view, is a more favourable
alternative compared to chemical processes that require
the use of expensive and toxic reagents.

Various physical, mechanical, chemical, and thermal
methods can be applied to recycle PV modules, depending
on the composition of the module back sheet, but these
methods often do not allow full recovery of all PV panel
components (Chitra et al., 2020; Sica et al., 2018). Moreo-
ver, the procedures that can be used during processing and
recycling of PV modules can be divided according to Table
2 with the corresponding references from the literature for
a certain type of PV technology.

4.1 Experimental study and real system operation
4.1.7 PV Cycle

PV Cycle was the first to establish a downstream PV
module recycling process and waste logistics across the
EU (Tsanakas et al., 2020). This recycling process of c-Si
PV modules achieved a recycling rate of 96% in 2016 (Lu-
nardi et al., 2018). The process starts with the separation
of the aluminium frame and junction box of PV module.
This is followed by mechanical processes (shredding and
sorting by laser or vibration) that are used to extract the re-
maining module materials. Recovered materials are glass,
aluminium, and silicon.

4.1.2 FRELP

In the early stage of research and development/pilot,
Sasil, in Italy, within the framework of the EU LIFE project
FRELP (Full Recovery End of Life Photovoltaic process), in-
vestigated a new PV recycling process line. The project did
not achieve any of the set goals. However, partial results
have been achieved with the design of a prototype for sep-

TABLE 2: List of procedures used during processing and recycling of PV modules.

Recycling procedure Subprocess

Reference for c-Si modules

Reference for thin-film modules

Physical/mechanical : Cryogenic treatment

(zhang et al., 2013)

Shredding/milling

(Azeumo et al., 2019; Fiandra et al.,
2019; Granata et al., 2014)

(Berger et al., 2010)

Cutting

Disassembling (physical disintegration)

(Azeumo et al., 2019; Belangon et al.,
2022; Fiandra et al., 2019; Granata et al.,
2014; Huang et al., 2017)

(Granata et al., 2014; Savvilotidou et al.,
2017)

Dry and wet mechanical processes:
blasting, scribing, attrition, sieving,
floatation

(Azeumo et al., 2019)

(Berger et al., 2010)

Density separation

(Azeumo et al., 2019)

Electrostatic separation

Magnetic separation

Separation according different physical
or chemical properties

(Lim et al., 2022)

Chemical Acid/base treatment (Doi et al., 2001)
Solvent treatment (X. Xu et al., 2021) (Savvilotidou et al., 2017)
Combination of organic solvents and (Azeumo et al., 2019; Kim & Lee, 2012)
heat treatment by an assisted ultrasonic
method to improve the dissolution rate
of the EVA
Chemical etching (Cui et al., 2022; Huang et al., 2017; S.
Kang et al., 2012; Klugmann-Radziemska
& Ostrowski, 2010; Lim et al., 2022; X. Xu
etal, 2021)
Precipitation
Hydrometallurgy: leaching (Cerchier et al., 2021)
Thermal Pyrolysis
Burning (Cui et al,, 2022; Huang et al., 2017; (Granata et al., 2014)

S. Kang et al,, 2012; Lim et al., 2022;
Tammaro et al.,, 2015; Wang et al., 2012;
X. Xu et al., 2021)

Pyrometallurgy

Electrometallurgical

Electrowinning

(Cui et al., 2022; Huang et al., 2017)

Electrolysis
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arating the EVA polymer back sheet from the glass and a
robotic system for separating and restoring the aluminium
frame and connectors from PV panels (LIFE Programme,
2016). The FRELP process is a combination of physical
procedures, acid leaching and electrolysis where c-Si solar
panels are economically justified in terms of waste dispos-
al. The process is designed to increase the mass of the
recovered material while reducing waste and considers
the stages of transport and discharge, disassembly, cable
treatment, glass separation, glass refining, cutting, sieving,
acid leaching, filtration, electrolysis, neutralization, filtering,
and incineration as well as waste disposal in sanitary land-
fills of hazardous waste and disposal of urban solid waste.
A pilot project was implemented that processes around
1.300 modules per day (Cui et al., 2022), i.e. with a pro-
cessing capacity of 1 t/h to 8000 t/year of waste c-Si PV
panels (Latunussa et al., 2016). Expectations from that pi-
lot project were high, which is confirmed by numerous LCA
analyses. (Ardente et al.,, 2019) estimated a recycling rate
for the FRELP process of 83%. Recovery rate for the FRELP
process: insulated cables (100%), silver (94%) at 99%
purity, copper (97%) at 99,993% purity, aluminium scrap
(99,4%), silicon (97%) at metallurgical grade purity, glass
cullet (98%) at 98% purity (Cui et al., 2022; Latunussa et al.,
2016). The pilot project of FRELP process was interrupt-
ed in spring 2016 because of the small volume of waste
panels currently collected. Secondly, mass incineration of
large amounts of PV scraps with fluorinated plastics could
become problematic for the plant which would risk exceed-
ing legal limits for HF emissions. Finally, collection of the
bottom ashes can be technically difficult and characterised
by potential losses.

Some companies are working to formalize the recy-
cling, repair/refurbishment and reuse segment in PV value
chains and propose customized technical standards and
regularity framework for EoL of PV modules.

4.1.3 ReSIELP

ReSIiELP was a European project that aimed at recovery
of valuable materials (aluminum, glass, copper, silicon, and
silver) from EoL silicon PV modules. The recovery of sili-
con was carried out through thermo - mechanical and hy-
drometallurgical purification. Pilot plant was designed and
built to upscale recycling technology to TRL 7, with a 1500
panels/year capacity by the group of metallurgy of Padova
University (Cerchier et al., 2021). PV glass reuse for build-
ing materials production, sustainable mortar and concrete
formulations were studied and seemed comparable with
commercial products (Cerchier et al., 2022).

4.1.4 Veolia

In 2018, Veolia has opened their European PV module
mechanical recycling plant in Southern France (in contract
with PV CYCLE France). With a 95% recovery ratio, their re-
cycling process isolates all PV component materials, from
the glass to the aluminium frame, junction box and connec-
tion cables. The plant capacity is from 1.800 t in 2018 and
will grow to 4.000 t. (Veolia Group, 2017). Recovered ma-
terials are then directed to various industries. The alumin-
ium frame material is directed towards aluminium-based

refinery; polymeric materials are recycled to fuel used in
cement industry; silicon cells to precious metal sectors;
cables and connectors are crushed and sold in the form
of copper shots; whereas glass, recovered as clean cullet,
is used in the glass manufacturing industry. The glass re-
covered from such PV recycling process gets eventually
contaminated with iron (Fe) due to the involved shredding
process, and therefore cannot be considered as a low-Fe
(i.e. high value) glass product (Tsanakas et al., 2020).

4.1.5 Solar World

Solar World is another pioneer in PV recycling c-Si pan-
els based on the thermal treatment method, with which
EVA is eliminated by burning at 600°C, followed by manual
separation of metal, silicon cells and glass. The silicon cells
are then etched again, and at the end of such a process the
clean wafers can be reused, while the glass and metal are
sent for recycling (Tao & Yu, 2015b). Solar World's recovery
ratios typically exceeded 84% of the module weight, name-
ly, 90% of the glass and 95% of the semiconductor materi-
als. Solar World and its recycling subsidiary are no longer
in business (Lunardi et al., 2018).

4.1.6 Loser Chemie

On the other hand, Loser Chemie’s recycling process
for c-Si PV starts with crushing and mechanical separation.
Afterwards, chemical treatment is performed, followed
by solid-liquid separation. As a last step of the recycling
process, glass is chemically treated, whereas aluminium-
based metallization is recovered. (Tsanakas et al., 2020) In
2019, they won an award for their Aqualux project, which
uses water-jet technology to break down silicon-based PV
modules into their individual parts. In doing so, the individ-
ual layers of the complex composite are separated using
a special nozzle technique. Therefore, it is possible to de-
tach the Tedlar and at the same time to obtain an EVA sili-
con cell mixture in which the former silicon cells with their
contacts are present. Connecting lines containing copper
are very clean and can be directly recycled. To separate the
EVA from the silicon cell, they use an aluminium chloride
solution to dissolve the aluminium back contact, destroy-
ing the bond between the silicon cell and the plastic. The
silver is no lost by this process and can be recovered and
poured into silver ingots by the hydrometallurgical process
(PES Solar, n.d.).

4.1.7 Japan

In Japan, NPC Group has developed a recycling process
for c-Si PV modules that can recover the glass without any
destructive process. Recycling involves automatic separa-
tion of aluminium frames after PV module processing us-
ing a hot knife/cutter blade. Glass, solar cells matrix and
EVA sheet can be directed to further recycling (Tsanakas
et al., 2020).

4.1.8 China

In China, on the other hand, a PV recycling pilot plant
recycles c-Si PV waste using cryogenic abrasive machining
at -196°C and electrostatic separation. The mixture after
abrasive machining, which contains EVA particles, Tedlar
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particles and a mixture of silicon, silver and aluminium
powder is separated by electrostatic separation. Mechan-
ical processing does not involve a chemical process but
cannot recycle silicon for reprocessing into new wafers
due to its low purity (Zhang et al., 2013).

In the thin film PV segment, First Solar and ANTEC So-
lar are at the recycling technology forefront. They operate
an advanced downstream program encompassing collec-
tion, transportation, and recycling of their CdTe modules
(Tsanakas et al., 2020).

4.1.9 First Solar

Approximately 90% by mass of each collected First
Solar PV module is recycled into new products (Tao & Yu,
2015). The EoL PV modules are shredded, and hammer
milled into pieces small enough to break lamination bonds.
Then, semiconductor films are removed by the leach-
ing process with addition of acid and hydrogen peroxide
in a slowly rotating, stainless steel drum. The remaining
amount in the drum is then passed down to a classifier
which separated the solid (including glass and laminate
materials) from the metal-rich liquid. A vibrating screen
separates the glass from the larger pieces to laminate ma-
terial. The glass is further cleaned to remove any residual
semiconductor material and then packaged for recycling.
Meanwhile, the metal-rich liquid is pumped to the precipi-
tation unit. The metal compounds are precipitated in three
stages at increasing pH and then concentrated in a thick-
ening tank. The resulting unrefined metal-rich material is
packaged for processing by a third party to produce telluri-
um and cadmium products. This commercial process can
recover 90% of the glass for use in new products and 95%
of the semiconductor materials for use in new solar mod-
ules. First Solar is still operating and according to its web
page recycle CdTe semiconductors (First Solar, 2024)

4.1.10 ANTEC Solar

ANTEC Solar has established a pilot plant based on the
recycling process of thin-film photovoltaic modules CdTe/
CdS. In this process, the modules are first physically dis-
mantled into fragments. Subsequently, the module frag-
ments are exposed to an oxygen-containing atmosphere
at a temperature of at least 300°C, causing the pyrolysis
of EVA. After that, the module fragments are exposed to a
gas atmosphere containing chlorine at a temperature high-
er than 400°C, resulting in the etching process, where CdCl,
and TeCl, are generated. The produced CdCl, and TeCl, are
then condensed and deposited through cooling (Tao & Yu,
2015).

4.1.11 EVERP

Currently there is ongoing EVERP project funded by Eu-
ropean Commission (HORIZON-CL5-2022-D3-03). The aim
of project is to demonstrate two innovative technologies
to delaminate the different layers of the PV panel. Through
combination with recycling processes it will be possible
to recover glass with less than 1% impurities, encapsulant
and backsheet polymers with a purity over 99%, and silver
with a purity of 99%_(EVERP, 2024).

4.1.12 PHOTORAMA

Project PHOTORAMA was funded by European Com-
mission (Horizon 2020) and lead by Italian research agency
Enea and ltaly-based heterojunction PV manufacturer Enel
Green Power. Its objectives is a pilot line with established
all needed interrelated successive steps: auto disassem-
bly, smart separation and innovative recovery of metals
from solar cells (Si, Ag, In, Ga). Project is based on new de-
lamination technique based on a wire diamond technology,
developed and patented by the CEA in order to separate a
module’s glass, backsheet, and cells in a single process, in
such a way that the single parts of the module can then be
treated individually for the recycling phase_(Lovato et al.,
2021; PHOTORAMA, 2024).

4.1.13 Experimental studies

(Azeumo et al., 2019) in their work processed poly-
crystalline-Si PV modules using a chemical and physical
processes. The physical process involved disassembling
the aluminium alloy frame and then cutting the modules
into homogeneous samples to perform small-scale labo-
ratory operations. Material separation in the PV module
is achieved using a circuit consisting of operations like
crushing/milling, sieving, and heavy medium separation.
The plastics and most of EVA was recovered. After that,
the sink (mainly composed of glass and metal) and the
float (polymers and EVA residues) are sent to the recovery
of the dense medium separator which is mainly pumped
back to the dense medium separator after the first drain-
age screen, and partially regenerated after water spraying
and magnetic separation. At the end of process, the sink is
then milled and sieved to obtain the glass and metal frac-
tion. The chemical process used solvents to separate the
layers of glass, polycrystalline silicon, and polymer. The
separation of EVA and the sheet of polymer was carried
out using 99,8% pure toluene at different temperatures and
with or without the use of ultrasound and thermal pretreat-
ment. They concluded that the concentration of toluene for
dissolving of EVA layer has a more important role during
separation than the power of ultrasound. The type of sol-
vent used to remove the EVA layer can mostly define the
efficiency of the delamination (Savvilotidou et al., 2017).

After removing the Al frame, the recovery of the glass
sheets of the c-Si PV panel was assisted by the thermal
mechanical process (Belangon et al., 2022). Although the
glass bottle has approximately the same composition as
the cover glass in PV modules, the latter has higher puri-
ty and transparency. Therefore, it would be a waste to mix
such a high-quality material with the glass of coloured
glass bottles.

(P. R. Dias et al., 2022) also provided experimental part
of study where they shredded c-Si module into a smaller
than 2 mm parts, quartered homogenous mix. Ten such
samples were prepared for the electrostatic separation of
materials into electrostatic conductive and non-conductive
fractions. For evaluation of metal distribution in each frac-
tion, the outputs were digested in nitric acid (65% concen-
tration), to leach silver and copper and then hydrochloric
acid (38% concentration), to leach aluminium at room tem-
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perature. The average mass distribution after the electro-
static separation had 3,34 wt% contained in the conductor
fraction, while the remaining 96,66 wt% in the non-conduc-
tor fraction.

(de Oliveira et al., 2020) performed experiments in sil-
ver recovery and showed that is possible to recover up to
99.98% of the silver from photovoltaic cells by combining
processes involving acid leaching by nitric acid followed by
electroprecipitation process.

(Klugmann-Radziemska & Ostrowski, 2010) performed
experimental recycling of c-Si PV cells (monocrystalline
and polycrystalline). The process consists of chemically
removing the Ag coating and chemically etching the rest
of module with organic solutions with different concen-
trations and temperatures during the process to obtain a
pure silicon wafer. Despite the efforts made to formulate
the composition of a universal etching solution, the results
showed that the solution must be modified according to
the type of PV cells being recycled.

Chemical etching recipes must be adapted to different
cell technologies. Numerous mixtures were tested, mainly
based on the following compounds: hydrofluoric acid (HF),
hexafluorisilicic acid (H,SiF,), nitric acid (HNO,), acetic acid
(CH,COOH), hydrogen peroxide (H,0,) and distilled water
(H,0).

(Savvilotidou et al., 2017) in their experimental study
disassembled Al frame, junction boxes and cables from
CIS and tandem a-Si:H/pc-Si:H PV modules. Individual
parts (panel, junction-box, and cables) were shredded and
pulverized to study the toxicity of each part as well as the
toxicity of the entire module for disposal. Most of the toxic
elements in the junction box samples have high measured
values. The absence of Cd in CIS PV panels, which is com-
monly used as CdS in the window layer of solar cells, is
probably due to the replacement of Cd with Zn, whichis less
toxic. They also compared the measured concentration of
toxic materials with Total Threshold Limit Concentration
(TTLC). This method determines the toxicity of the sample,
if the samples exceed the threshold value they are classi-
fied as hazardous. For the CIS, all samples are hazardous
for Se, one edge sample is characterized as hazardous for
Cu, Hg and Zn, while the overall CIS sample and a-Si:H/pc-
Si:H junction box sample are toxic for Cu. These results
raise concerns about the potential risks of inappropriate
module disposal and environmental risk may be underes-
timated or overestimated through a laboratory simulated
scenario. Still, TCLP test proves that no sample leachate ex-
ceeds the threshold limits. They experimented with differ-
ent treatments to successfully remove the EVA layer. They
concluded that removing the EVA layer from the CIS panel
is more challenging as it takes 4 days using lactic acid.

(Granata et al., 2014) in their experimental research
used polycrystalline silicon PV module, a-Si and CdTe PV
module. They concluded that, to obtain the highest mass
recovery, for all three types of PV modules, the process
scheme should be: crushing by two blade rotors crush-
er, crushing with a hammer, thermal treatment at 650°C
of fractions larger than 1 mm and sieving with a sieve of
0,08 mm. With these procedures, about 85% of the total
weight of the panel can be recovered as glass from frac-

tions d>0,08 mm, while fractions d<0,08 mm can be pro-
cessed for further extraction of silicon, cadmium, tellurium,
and zinc.

(Huang et al., 2017) proposed a three-step wafer-Si PV
module recycling process with two new technologies in
their experiment. The first technology was sequential elec-
trowinning, which allows the extraction of multiple metals
one by one from Si modules, Ag, Pb, Cu and Sn. The re-
covery rates of Ag and Cu were 74% and 83%, respectively,
but they claim it can be increased to 95%. The purity of the
recovered metals is over 99%. Another technology present-
ed was sheet resistance monitoring which maximizes the
amount of solar-grade Si recovered from the module.

(Tammaro et al., 2015) in their experimental tests heat-
ed three different c-Si panels in a furnace at 600°C and kept
them at that temperature for 30 minutes. At the end of the
thermal treatment, the PV cell and the glass layer are sep-
arated. Moreover, relevant amounts of hazardous metals,
such as chromium and lead, have been released and may
cause environmental concerns if the fumes are not prop-
erly treated.

(Cui et al.,, 2022) achieved the separation of silver, lead,
tin, and copper in the laboratory (leaching, electrolysis, and
etching from bare silicon solar cells). After removing the
¢-Si PV module frame and cables, organic compounds are
burned in a furnace, leaving behind glass, silicon wafers
and other residues. The recovered silicon is then leached
with nitric acid to form soluble metal salts. The leach solu-
tion is treated with a two-stage electrowinning process to
recover silver, copper, and lead oxide, while the remaining
wafers are etched with hydrofluoric acid and sodium hy-
droxide sequentially to remove contact metallization and
passivation layers to recover silicon.

(X. Xu et al., 2021) presented in their work a novel pro-
cess that integrates solvothermal swelling and thermal
decomposition for non-destructive Si-wafer recovery. First,
the EVA swelling method is applied by exchanging organic
vapours in a solvothermal reactor. This represents a signif-
icant saving of time and amount of solvent compared to
previous processes in which the module was immersed in
a solvent. In addition, the introduction of ethanol is effec-
tive for removing the back layer to accelerate EVA swelling
and avoid emissions of fluorine-containing gases. The key
to successful recovery from a non-destructive Si-wafer is
to achieve rapid EVA release by placing the gas in a hori-
zontal direction during thermal decomposition through
pre-formed gas release channels by pre-swelling the EVA.
Therefore, the proposed process provides to be a feasible
method for widespread non-destructive recovery of Si-wa-
fers.

Research by (Camargo et al., 2021) explained that the
metal content of crystalline silicon PV modules can vary
because of factors such as the PV panel brand, country
of origin, year of manufacture, among others. The thermal
degradation followed by manual segregation increased the
silver concentration concerning the ground PV laminate
due to the removal of polymers, the glass fraction and cop-
per ribbons.

After reviewing the experimental recycling processes
of different PV modules, the conclusion is that the delam-
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ination process (removing of the encapsulant) most often
takes place either mechanically (shredding/milling) or
thermally (burn off EVA layer) or chemically (dissolving in
organic or inorganic solvents/acids). In terms of material
separation, the physical method of separating glass and
aluminium is the most common approach, followed by dry
and wet mechanical processes such as vacuum blasting,
scribing, attrition, sieving and flotation. Of the electrome-
tallurgical processes in the part of c-Si PV module mate-
rial extraction, sequential electrowinning is used, which
successfully recovers Ag, Cu and Pb. Moreover, regarding
the recycling of thin-film PV modules, a combination of
mechanical/physical and chemical processes is most of-
ten used.

The goal of recycling photovoltaic modules is to obtain
valuable materials such as Ag, Al, Pb, Cu and Si. Chemical
etching in different solvents and at different temperatures
is most often used to remove various coatings or residues
after material separation and recover valuable materials.

4.2 Analysis of PV modules - software simulations

There are many studies based on the EoL solar panel
Life Cycle Assessment (LCA) methodology with the aim of
obtaining an assessment of the efficiency of waste man-
agement system, the impact of different waste manage-
ment options on the environment and human health, the
efficiency of the system in relation to the recovery rate, en-
ergy savings and so on.

There is an initiative of the International Energy Agency
under the Photovoltaic Power Systems Programme called
Task 12 and several reports have been published based on
LCA analysis of solar panels, and some reports are ded-
icated to EoL management of solar panels. Some of the
objectives of Task 12 are the accurate quantification of
the environmental profile of PV compared to other energy
technologies which can be performed using LCA describ-
ing energy, material, and emission flows in all phases of the
PV life cycle modules. The next objective of Task 12, EoL
management options for PV modules, can be investigat-
ed using recycling analyses and other waste management
options.

(Belangon et al., 2022) validated the simple manual re-
moval of glass sheet as a proof of concept for the future
reuse of glass sheets from c-Si PVs. They suggest develop-
ing some kind of mechanical separation machine to sepa-
rate the glass from the rest of the PV module. Estimated
energy savings could be around 10 TWh due to avoided
demand for new cover glass production and carbon saving
equal to half the weight of the glass. Limitation to this pro-
cedure is that was performed on unbroken glass.

(Daniela-Abigail et al., 2022) in their work provide envi-
ronmental, economic, and social dimensions of PV waste
for the Yucatan region of Mexico through life cycle environ-
mental analysis and life cycle cost analysis. The analysis
shows a reduction of 83% in the category of human toxicity
(non-cancer effects) and freshwater ecotoxicity, while the
depletion of mineral, fossil, and renewable resources show
a 66% lower use of the FRELP recycling system compared
to the system without recycling case. The categories of hu-
man toxicity (cancer effects), photochemical ozone forma-

tion, terrestrial eutrophication and marine eutrophication
show reductions between 32% and 42%. Since the catego-
ries of photochemical ozone formation and terrestrial eu-
trophication are influenced by salvage mostly aluminium,
and to a lesser extent glass, silicon, and silver. Regarding
the categories of climate change, particulate matter and
land use, the impact was reduced by 28%, 22% and 20%,
respectively. The categories of water resource dependence
and freshwater eutrophication show a change of 1%. (P. R.
Dias et al., 2022) in their study proposed an economical
and environmentally friendly processing method using LCA
and LCC. This process consists of removing the module
frame, laminate shredding and concentrating the material
using electrostatic separation. The proposed technology is
electrostatic separation to obtain an estimate of material
separation efficiency. The latter gives two fractions: a valu-
able mixture (2-3% of total weight of module) of silver, cop-
per, aluminium and silicon, and a mixture mainly of glass,
silicon, and polymers. An economic evaluation shows
that this process is more cost-effective than FRELP under
some conditions such as: smaller amounts of waste (< 4
kt/y), if there is no market for recovered glass, and when
the end-processing industry is located afar. They were also
conducted an experimental part of recycling, described lat-
er in the experimental part of review.

There is a gap in the scientific literature when it comes
to assessing the environmental impacts resulting from dif-
ferent methods of recycling and reusing PV module mate-
rials. (Contreras Lisperguer et al., 2020) conducted an LCA
analysis using data for the FRELP process due to the lack
of data for other types of processes. The LCA analysis was
carried out for the scenarios of open material cycle and
closed material cycle with the aim of assessing the impact
on the environment.

In their study (Lim et al., 2022) analysed an optimal
recycling process with high resource recovery efficiency
first at the laboratory level, which consists of module de-
lamination, acid etching and sequential electrodeposition.
The obtained results are further applied in the LCA anal-
ysis where this recycling system is compared with waste
disposal. The chemical they use are widely available and
cost-effective, namely HNO,, H,SO,, H,0, and NaOH. High
recoveries of 86%, 95% and 97% were achieved for silver,
lead, and aluminium, respectively, representing a combined
resource recovery of 86%.

(Contreras Lisperguer et al., 2020) used LCA method-
ology to assess the environmental impact of EoL c-Si PV
panels in a closed-loop-material-cycle (CLMC) scenario
and compared it with a CLMC scenario of CdTe panels. It
this study, it was estimated that the transport of decommis-
sioned panels has the greatest impact on the environment,
and in the following categories - fossil fuel depletion, metal
depletion, climate change, ozone depletion and particulate
matter formation. Wafer recovery should be the optimal
method of PV panel recycling at the EoL, and thermochem-
ical processes must be avoided during the delamination
process. The use of organic solvents can be considered as
an alternative way to reduce emission of toxic gases, the
formation of fly ash and sludge, and to avoid damage to the
solar cell material in the delamination phase. For PV tech-
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nology to be fully sustainable, the use of incineration, pyrol-
ysis and toxic acids that generate harmful environmental
impacts should be avoided.

The recoverable percentage of each material used to
produce the modules is particularly high for glass and Al
(97% and 100%, respectively), smaller but still significant
for Cu and Te (around 80%), and less significant for rare
metals such as In and Ga (75% and 99%, respectively),
which only represent about 1% of the total panel weight
(Sica et al., 2018).

In their study (R. Deng et al., 2019) presented a tech-
no-economic review of three main recycling approaches:
glass recycling, mechanical recycling and thermal recycling
compared to landfilling of PV panels. Upcycling (high-value
recycling) aims to recycle not only glass and Al frame, but
also more valuable components, such as Ag, Si, Al, and Cu.
This process is divided into module delamination (can be
mechanical, thermal, or chemical), leaching/etching (to
separate silicon and metal), metal extraction (electrolysis,
metal replacement, chemical precipitation).

(Ardente et al., 2019) compared the FRELP process and
the recycling profess currently used in Europe (baseline
process) by applying LCA analysis. The overall recycling
rate achieved by baseline process (according to visits to
two recycling plants in Italy and Spain) is around 24%, well
below the current minimum target of 80% reuse and recy-
cling, as set by the WEEE Directive. The process consists
of dismantling the panel frame and cables, which are sub-
sequently sorted for recycling, then the glass is separated
with a hammer or grinding, or it is directly shredded with
other WEEE waste. The estimated basic process can sep-
arate up to 10% of glass, while PV cells and plastic are dis-
posed of in landfill with shredding residues. In this study,
the environmental impact of burning three types of differ-
ent background layers (two fluorine plastics — TPT, KPK
and fluorine-free plastic PPE) was evaluated. Compared to
incineration of TPT back film, the FRELP process applied to
fluorine-free PV waste is characterized by lower impact on
acidification, human toxicity, ozone depletion and cumula-
tive energy demand (CED). Incineration of PV waste without
fluorine has a slightly greater impact on climate change due
to higher carbon content of PPE. Therefore, incineration of
waste with KPK always has the greatest effects, due to the
higher content of fluorine in the background layer. Hence,
(Ardente et al., 2019) pointed out that the thermal treat-
ment of PV modules must be carefully evaluated as they
may be responsible for emissions of pollutants such as hy-
drogen fluoride that is potentially released by the combus-
tion of halogenated plastics in the back sheet of PV panel.
Unlike (Ardente et al., 2019), (Aryan et al., 2018) compared
EoL management options (incineration and pyrolysis) for
two types of back sheet materials that are typical for c-Si
PV modules. They are PET based back sheet (fluorine free)
and PVDF based (fluorinated). The results of the analysis,
along with the assumptions made during the modelling,
show that the fluorine-free back sheet shows a better en-
vironmental performance compared to the fluorinated
back sheet in both incineration and pyrolysis scenarios.

(Latunussa et al., 2016) analysed by LCA a FRELP pro-
cess for recycling c-Si PV panels based on a series of phys-

ical (mechanical and thermal) treatments followed by acid
leaching and electrolysis. The total impact of the process
on climate change is about 370 kg CO,,,. This is due to the
incineration of PV sandwiches (34%), transport (29%) and
metal recovery treatments (24%).

4.3 Mathematical models

(Molano et al., 2022) proposed a reverse logistics plan-
ning model for the collection of EoL PV panels, which is
expected to support the integration of existing recycling
technologies (FRELP) and collection schemes using a ho-
listic approach to ensure feasibility and reduce impact on
environment. They emphasized that transport is one of the
main activities that can put an additional burden on the
environment. However, from the economic perspective the
feasibility of reverse logistics highly depends on the price
of commodities and recovered materials.

(Paiano, 2015) estimated waste production for the pe-
riods (2012-2038) and (2039-2050) with the aim of man-
aging this waste to improve proper waste management
of hazardous substances, as well as the importance of re-
covery and recycling of valuable resources. Given that the
calculated amount of cadmium contained in EoL CdTe thin
films is 877 t in 2050, its potential leaching due to nitric
acid or rain is between 254-351 t. The amount of lead con-
tained in the EoL of c-Si and CIGS modules in 2050 is 3381
t, so the relative value is between 439,5-3043 t.

(Choi & Fthenakis, 2014) developed a framework of
mathematical modelling to evaluate economic feasibility
of the macro- and micro-level planning of recycling pro-
cess of c-Si PVs at the example of Germany. The yield of
recovered cells is highly dependent on the type, design and
condition of the modules being processed. Design-depend-
ent factors that affect results of the thermal process are
type of laminate, the crystal type and the dimensions of the
embedded cells, the material and dimensions of the con-
nections and solders.

4.4 Economic aspects of recycling technologies

Although the expected lifetime of PV modules is 25-
30 years, based on several studies (Daniela-Abigail et al.,
2022; Foles et al., 2020; M. A. Omar & Mahmoud, 2018) it
can be concluded that the payback period of PV modules
(without battery storage) for residential applications is
between 5-12 years. The difference between the payback
period of various locations is mainly because of the availa-
ble solar radiation resource, ambient temperature, and the
economic variables, especially inflation and the discount
rate (Daniela-Abigail et al., 2022). Compared to other elec-
tronic products, silicon PV modules have a very low cost
per kilogram, which makes them unattractive for recycling.
Accordingly, the product price of new PV modules is sen-
sitive to additional recycling costs (R. Deng et al., 2019).
The recovered quantities of aluminium and glass culets are
much higher than the quantities of copper and silicon by
weight. Therefore, Al and glass prices are relatively more
sensitive to the recycling plant profits (Choi & Fthenakis,
2014). Also, whole glass has a higher economic value than
broken glass (P. Dias & Veit, 2018).
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(Molano et al., 2022) collected market prices of recov-
ered materials in Australian dollars for 2022, here Austral-
ian dollars are converted to US dollars at the current ex-
change rate (for 2022) — data showed in the Table 3.

Additional interest in PV recycling is also shown by the
recent high number of patents developed for the removal
of encapsulant from the laminated structure of PV, which
is one of most difficult and important goals for photovol-
taic recycling technologies. A list of patents related to PV
module recycling can be found in the literature (Padoan
et al., 2019). To become economically viable (R. Deng et
al., 2019) concluded that both mechanical and thermal
processing of recycling should aim to reduce costs by at
least 30%, reaching USD 400-500 per ton and USD 700-800
per ton, respectively, with improved material recovery. New
technologies for PV modules recycling should aim to re-
duce the cost and complexity of recycling processing and
improve the mechanical recovery of the intact silicon wa-
fer. Furthermore, life cycle analysis for the Yucatan region
indicated that the cost of electricity could be reduced by
2% to reach 0,146 USD/kWh. The only condition is that it is
accompanied by a recycling incentive of 15% of the initial
cost (Daniela-Abigail et al., 2022).

5. CONCLUSIONS

Photovoltaic panels have become a key technology in
the production of clean-green energy, but as their use ex-
pands, it is crucial to consider the long-term environmental
impacts. Proper management of photovoltaic panels at the
end-of-life is of great importance. These modules contain
materials that are recyclable and if properly recycled can be
used to manufacture new panels or other products. Howev-
er, no commercial recycling process can currently recover
all valuable materials from photovoltaic panels, and there
is no consensus on the best way to achieve that goal.

It often costs more to break down the panel and recover
the raw materials than the actual value of those materials.
Hence, if more materials could be recovered with higher
purity, they would have a higher market value and make
recycling more economically attractive. However, extrac-
tion of high-purity materials requires multiple processing
steps, which increases recycling costs. Solving this dilem-
ma could be key to the development of a sustainable pho-
tovoltaic panel recycling industry. What is important now
is to extend the lifetime of photovoltaic panels as much
as possible, to design modules with a long-term vision of
processing module waste to enable the recovery of valu-
able materials to the circular economy loop. It is also im-

TABLE 3: Prices (USD/kg) of recovered materials in 2022 (Molano
etal., 2022).

Output - recovered material Price (USD/kg)
Aluminium scrap 1,181

Glass scrap 0,0754

Copper scrap 527

Silicon metal (metallurgical grade) : 1,428

Silver 786,19

portant to use environment friendly materials, as well as to
increase the efficiency of the module.

The development of new PV technologies alone does
not guarantee their market acceptance, therefore new
technologies must have adequate economic, environ-
mental, social, and political support. Just as it took 25
years for PERC technology (Blakers, 2019) to move from
development to widespread commercial use, it might
take that long to commercialize new PV or recycling tech-
nology.
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ABSTRACT

The aim of this study is to evaluate whether the Guelph permeameter can be effec-
tively used as a quick and reliable instrument to measure the hydraulic conductivity
of compacted mineral liners. The investigation was carried out on two distinct areas
of the final capping of a municipal solid waste landfill in Italy. On the first test site,
hydraulic conductivity tests were performed using the Guelph permeameter, assess-
ing reliability and repeatability of test results. On the second one, many undisturbed
soil samples were taken and tested in the laboratory using a modified oedometric
apparatus as a falling-head permeameter. Further hydraulic conductivity tests with
Guelph permeameter were also performed in the holes made by soil sampling. The
campaign was integrated with in situ density tests using the calibrated sand method,
to check the uniformity of the compaction degree of liners. A final comparison be-
tween hydraulic conductivity obtained in situ and in the laboratory was proposed and
critically analysed. The experiments performed on the two test sites with the Guelph
permeameter and their statistical processing demonstrate that the instrument is not
only economical and easy to use, but also reliable if used with appropriate precau-

tions.

1. INTRODUCTION

The main environmental problems of a municipal solid
waste (MSW) landfill are associated with the control of lea-
chate and biogas emissions into the surrounding environ-
ment. Mineral liners are compacted at the bottom and top
of landfills to achieve suitable hydraulic conductivities. Na-
tional regulations generally establish the minimum thick-
ness of liners and their maximum hydraulic conductivity k,
according to the nature of waste stocked inside the landfill
(European Council, 1999, 2018). No further details are gen-
erally provided on the experimental procedure to determine
the coefficient k, which can be obtained, directly or indi-
rectly, using either laboratory or field tests. The choice of
a specific procedure depends on many variables, such as
nature, water content and degree of saturation of soil, fluid
permeant, required accuracy of instruments, available time
and economical budget.

Many studies have shown that hydraulic conductivity
can vary considerably depending on the applied experimen-
tal procedure (Fallico et al., 2006). Moreover, field meas-
urements often provided values of k smaller than those
obtained through laboratory procedures. This could be due
to the presence of air trapped during wetting, which caus-

es partial saturation of the soil, hence a lower permeability
(Fodor et al., 2011; Jacka et al., 2014; Rezaei et al., 2016).

The Guelph, auger-hole, and falling-head permeameter
methods in clay to sandy loam soils were compared by Gal-
lichand (Gallichand et al., 1990). The results showed that
the geometric mean of K from the Guelph was less than
that obtained by the falling-head method. It was also found
that Guelph permeameter measurements underestimated
the K value compared to the laboratory falling-head meth-
od, with differences even exceeding an order of magnitude
(Feki et al., 2020).

Similar results were also found in studies carried out in
the agricultural sector. Soto & Kiang (Soto & Kiang, 2018)
found that the hydraulic conductivities resulting from tests
with a double ring infiltrometer are, on average, 2.2 times
greater than those obtained with the Guelph permeameter.
However, agricultural soils are characterized by hydraulic
conductivities 2-3 orders of magnitude greater than those
investigated in this paper.

In this paper hydraulic conductivity obtained with labo-
ratory falling-head tests and with Guelph permeameter on
two test sites are compared.
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2. PERMEABILITY TESTS

2.1 Field permeability test with Guelph permeame-
ter

The Guelph permeameter allows the on-site determi-
nation of the hydraulic conductivity of soils. It is easy to
transport, place and use, cheaper than other permeability
tests, and can provide reliable data if properly used. Fur-
thermore, it can measure the three-dimensional flow of the
permeating liquid, resulting from the horizontal and verti-
cal components. The Guelph (2800K1 model) permeam-
eter was used in this study. To interpret the experimental
results, the following equations were used (Elrick et al.,
1989; Elrick & Reynolds, 1992; Reynolds et al., 1983, 1985;
Reynolds, 1986; Reynolds & Elrick, 1985, 1987; Zhang et al.,
1998). The lowering rate R of the reservoir water level is
considered equal to:

_Hi—Hj, m
fi= G —tig [S] M
where (Figure 1):
H are the initial and final hydraulic heads in a specific time
interval (m);

t is the cumulative reading time (s);
i is the number of measurements,
and its mean (R) is:

R=7- YR [3] @

where | is the total number of measurements.

The first R values are generally neglected as water flow
has not yet stabilized. Flow rate (Q) can be expressed by
the following equation:

3
Q=AK [mT] ©)
where A is the cross-sectional area of the tank, equal to
216 mm?, when only the internal tank is used, and to 3522
mm?, when both tanks are used. Finally, hydraulic conduc-
tivity (K, ) is calculated as follows:
- . ()

2'1T'H2+T['az'c+2'ﬂ'?
where:
C: dimensionless shape factor,
Q: water flow rate (m®/s),
H: water height in well (m),
a: well radius (m),
a*: macroscopic capillary length (m™).
a* and C are calculated using Table 1.

Kgs =

—

FIGURE 1: Working section of the Guelph permeameter.

The Guelph permeameter is essentially a Mariotte
bottle and allows you to maintain a constant head within
a small cylindrical well dug into the ground with special
tools. Water seeps into the soil through the wet bottom
and sidewalls and is replaced by new water flowing from
the Guelph permeameter to maintain the level in the sump.
By measuring the water level in the Guelph permeameter
tank in two successive instants, measurement of the water
infiltrated in a specific time can be obtained. From these
measurements it is possible to obtain an estimate of the
hydraulic conductivity at field saturation (K, ), which is a
fundamental parameter for modelling the water seepage
through soils (Bagarello & lovino, 2010).

Particular attention should be paid to the following as-
pects:

Field saturated hydraulic conductivity (K, ) - Compacted
mineral liners always have a degree of saturation less

TABLE 1: Soil categories with respective a* and C (Reynolds et al., 2008).

Soil category a* (m") c
Compacted, structureless, clayey, or silty materials such as landfill caps and liners, lacustrine, or 1 ( H/a )“"’72
marine sediments, etc. 2.081 + 0.121 (H/a)
Porous materials that are both fine textured and massive. Unstructured clayey and silty soils, as 4 ( H/a )0‘683
well as fine structureless sandy materials may be included 1.992 + 0.091 (H/a)
Most structured and medium textured materials. Structured clayey and loamy soils, as well as
unstructured medium sands may be included. This category is generally the most appropriate for 12 rsa
agricultural soils ( H/a ) )

: e 2.074 + 0.093 (H/a)
Coarse and gravelly sands. Highly structured soils with large and numerous cracks and macropo- 36
res may also be included
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than 100% and this strongly influences the infiltration
process (Reynolds et al., 1983). For this reason, K,_ is
used in equation (4) in substitution of fully saturated hy-
draulic conductivity (K ), used only in laboratory tests.
Macroscopic capillary length (a*) - This parameter, tab-
ulated and dependent only on soil nature, is more reli-
able in partially saturated soils. However, K. does not
strongly depend on a*, particularly for high H/a ratio
(Elrick et al., 1989).

+ Shape factor (C) - This factor which is also tabulated,
derives from numerical analysis and depends mainly
on the H/a ratio and soil structure (a*). Estimation of C
factor becomes less reliable if the soil is close to sat-
uration. However, for most applications, the tabulated
values may be considered reliable (Reynolds & Elrick,
1987).

To obtain valid experimental results, some practical
precautions must be taken as follows:

Point measurements - The test aims to evaluate the
punctual hydraulic conductivity of a compacted min-
eral liner. Cracks or preferential paths may be present
in sampled soil, where hydraulic conductivity is much
higher. Therefore, a statistically significant number of
measurements must be made to correctly assess hy-
draulic conductivity.

Soil homogeneity - All formulas assume a homogene-
ous, isotropic and uniformly wetted soil. If the test is
carried out on heterogeneous soils, the estimation of a*
is difficult and hydraulic conductivity could give unlikely
results (Reynolds, 1986). Therefore, when analysing a
stratified soil with different permeabilities, it is recom-
mended to carry out many tests at different depths cor-
responding to the soil stratification (Xiang et al., 1997).

+ Achievement of steady state condition - In very perme-
able soils the steady state condition is achieved quite
quickly (order of minutes), while a longer period (order
of hours) could be required in poorly permeable soils.
Therefore, the test duration should be adapted to the
nature of the investigated soil.

+  Gravity influence - Gravity can affect the experimental

results. However, the amount of flow that can be at-
tributed to gravity decreases rapidly as the H/a ratio
increases; for H/a = 5 the gravitational flow can be ne-
glected, having an influence less than <5% (Reynolds et
al., 1983).
Hole smearing - During the excavation a thin smeared
layer can be generated along the lateral surface of
the hole, especially with fine-grained soil having high-
er water content. An underestimation of permeability,
due to the pore closure around the test hole, could be
obtained (Reynolds, 1986). To limit smearing, a sharp
auger should be used, making a gentle downward pres-
sure, and the hole surface can be scrubbed with a brush
or small sprocket (Reynolds, 1986). The infiltration rate
values in smeared wells could be less than half of those
not smeared (Koppi & Geering, 1986).

+ Well collapse - Test wells could collapse during the ex-
cavation or during the test in granular soils. This prob-

lem can be overcome by using a pointed casing (Reyn-
olds & Lewis, 2012).

+ Temperature changes - Heating of water inside the tank,
due to direct solar radiation, can prevent air from rising
due to its thermal expansion. Furthermore, hydraulic
conductivity is inversely proportional to water viscos-
ity, which is inversely proportional to its temperature.
Therefore, K., will increase with the water temperature:
an increase of 15°C can lead to an increase in meas-
ured permeability up to 45% (Reynolds & Topp, 2008).

2.2 Falling head permeability test in a modified oe-
dometric cell

Falling-head permeability test in an oedometric cell is
suitable for low permeability soils, since the test duration
is short and even small flow rates can be easily measured
using a graduated burette. The test follows the ISO 17892-
11 procedure and is carried out using an oedometric appa-
ratus, modified for permeability tests (ISO 17892-11:2019,
2019). Each sample is previously saturated and consolidat-
ed with a set of increasing vertical pressures. The hydraulic
conductivity of a saturated soil sample (K can be calcu-
lated as follows:

a-L h, m
KS:A'(tz_H).nh_z [ ]
where:

A: burette area (m?);

L: sample height (m);

A: cross-sectional area of sample (m?)
h, and h,: initial and final water level (m);
t, and t,: initial and final testing time (s).

(5)

2.3 Planning of the tests

The on-site experimentation was carried out in a mu-
nicipal solid waste (MSW) landfill, located at Grumolo delle
Abbadesse in the north-eastern part of Italy. The landfill
area covers approximately 160,000 m? and has a total ca-
pacity of 1,125,000 tons of MSW. Compacted mineral bar-
rier and rainwater drainage of the landfill cover were made
using silty clay and silty sand respectively, coming from
local excavations. Furthermore, the biogas drainage layer
was made with selected inert waste, able to perform the
required function of a gravelly layer. The liquid limit (w, ) and
the plasticity index (PI) of the silty clay used in the compact-
ed barrier were between 44-46% and 19-22%, respectively.

Two different areas were selected on the temporary
cover of the landfill (Figure 2) to test the Guelph permeam-
eter. Clayey soil was spread over the test area in layers 0.40
m thick, and compacted with four passes of a dumper load-
ed with 45 tons of sand, obtaining a degree of compaction
around 95 % of standard Proctor dry density (correspond-
ing to a compaction energy of 593 kJ/m?). Although the
dumper is not a vehicle specifically designed for compac-
tion, it was demonstrated that it is suitable for this purpose
(Moraci et al., 2018).

2.3.1 First test field

The first test field aimed to evaluate reliability and re-
peatability of the experimental results. A rectangular area
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FIGURE 2: Section of the final cover in the Grumolo delle Ab-
badesse landfill.

of 9.0 m x 4.0 m of mineral liner was selected (Figure 3).
Clayey soils were spread and compacted obtaining a final
layer 2 m thick. Before test execution, the shallowest layer,
0.3 m thick, was removed. Twenty-four hydraulic conduc-
tivity tests were performed using the Guelph permeameter.
In most tests, an interval t of 2 minutes between readings
was enough to achieve a constant lowering rate. However,
in case of clay lenses, the interval was increased to 5 min-
utes to achieve a higher difference between consecutive
readings. In most tests, both tanks (total area A = 3522
mm?) of the permeameter were used. When clay lenses
were met, only the internal tank was used (A = 216 mm?)
to get adequate resolution when taking a reading. Three

400

. Ufzo 1
¥ | U13° ”Iso ‘

different test pit depths were chosen: 0.2 m (A), 0.3 m (B)
and 0.5 m (C). It was thus possible to obtain results that
were more representative of the entire layer, characterizing
possible soil inhomogeneity. A tripod was used to mini-
mize the permeameter settlement, sometimes digging to
position the legs correctly. The well was dug with the au-
gers supplied in the kit, so its radius was always equal to
30 mm.

A hydraulic head in the well H = 0.15 m was chosen,
suitable for moderately permeable soils, from silty sands
to silty clays (Elrick et al., 1989). The macroscopic capillary
length a* = 1 m™ and the shape factor C were defined using
Table 1. In general, the volume tested roughly corresponds
to the size of the wetted zone around the test well. In mod-
erately permeable soil, this corresponds to a spheroid ex-
tending from 0.1 m to 0.2 m outward from the submerged
surface of the test hole (Elrick et al., 1989). Therefore, a
spacing of T m among the holes was chosen (Figure 3). A
hydraulic head of 0.15 m was assumed (Figure 4).

2.3.2 Second test field

The second test field was designed to evaluate the dif-
ference between the results of the two types of permeabil-
ity tests, after having characterized the investigated soil.
A rectangular area of 9.5m x 4m was prepared using the
same soil of the previous testing area (Figure 5). In this
case soil was selected before laying, to isolate the most
homogeneous fraction possible. The final thickness was
greater than 1 m, also considering the effects of com-
pression and swelling. Again, the first 0.3 m of soil was
removed just before starting each test. For the laboratory
analyses, twelve cylindrical samples of 80 mm in diameter
and 300 mm in length were taken. For comparing in situ
and in laboratory permeability, twelve hydraulic conductiv-

FIGURE 3: Plan and section of the first test site (measurements expressed in cm).
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FIGURE 4: Wet zone and tripod foot around the test hole (measurements expressed in cm).
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FIGURE 5: Plan and section of the second test site (measurements expressed in cm).

ity tests with Guelph permeameter were performed in the
holes where sampling was made. In almost all tests, only
the internal reservoir (A = 216 mm?) was used, with a time
interval between readings of five minutes. Only in the case
of sand lenses was it necessary to use both tanks (A =
3522 mm?) and a time interval of two minutes, to obtain a

clear difference between consecutive measurements. Well
sizes were determined by the envelope for the laboratory
sampling (80 mm in diameter and 300 mm in height), then
the radius a of the well equal to 40 mm. To maintain the ra-
tio H/a = 5 and to avoid the influence of gravity, a hydraulic
head H = 0.23 m was chosen. As for the first test field, the
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macroscopic capillary length a* = 1 m™ and the form factor
C were defined by means of Table 1.

Tests were preceded by two in situ density tests with
a sand volumenometer. Laboratory analyses included, for
each sample, the soil classification by particle size distri-
bution and sedimentation: twelve sieves with descending
diameters from 100 to 0.063 mm were used and then the
remaining soil was suspended in an ASTM 152H hydrom-
eter with distilled water and sodium hexametaphosphate
(Na,P,0,,) ata controlled temperature of 20°C. Then twelve
falling head hydraulic conductivity tests were performed in
a modified oedometric cell: from the lowest part of each
cylindrical sample a disk of 4000 mm? in area and 20 mm
in height was obtained. Each sample was consolidated at
25 kPa and several falling head hydraulic conductivity test
cycles were carried out until the system stabilized. The
area a of the burette was equal to 19.6 mm?. The test was
performed at 20°C. The initial water level in the burette was
h, =1 m. To minimize the inevitable heterogeneity of the in-
vestigated soil, the area of both test fields was reduced to
the minimum possible size, considering the radius of influ-
ence of the wet ground around the holes and the minimum
space required for the deployment of the tripod.

2.4 Test results

The processing is based on the following statistical in-
dicators:

arithmetic mean (6)
median 7)
standard deviation (8)
variance ©9)
coefficient of variation C, C, = % (10)
where

n is number of data.

In addition, the Bland-Altman plot was used to statisti-
cally assess the agreement between Guelph permeameter
results and laboratory data (Brazdzionyté & Macas, 2006;
Ghosh et al., 2019). In the Bland-Altman plot, the mean of
two groups of data is plotted on the x axis and the differ-
ence between them on the y axis. The mean of the differ-
ence between the two methods is defined as bias. The 95
% upper and lower limits of agreement are equal to +1.96
times the standard deviation of the difference.

2.4.1 Results of hydraulic conductivity tests with Guelph
permeameter on the first test field

On the first test field soil was quite heterogeneous, with
frequent sand and clay lenses (Figure 6). For this reason,
the measured hydraulic conductivity varied in the area,
also in samples located at the same depth (Figure 7). The
maximum permeability (k = 1-10® m/s), required by many
national regulations, was exceeded in most cases. Two
of the twenty-four tests were invalidated by the sinking of
the permeameter in the well. The average permeability on

TABLE 2: Statistical parameter of Guelph tests on the first test site.

k, (m/s)
% (m/s) 3.8E-07
median (m/s) 2.2E-07
o (m/s) 6.4E-07
02 (m/s)? 4.0E-13
C, 1.68

site k, was 3.8-107 m/s and the median was 2.2:107 m/s,
compatible with a loamy soil, while standard deviation and
coefficient of variation showed high values (Table 2).

In conclusion, despite the high soil heterogeneity, the
preliminary study was successfully completed, since the
results are reliable and reproducible, with consistency
across the data.

2.4.2 Results of hydraulic conductivity tests with Guelph
permeameter on the second test field

The grain size distribution curves of soils are reported
in Figure 8. They are quite homogeneous and can be classi-

Kfs (m/s)
1.0E-5

1.0E-6

1.0E-7

1.0E-8

1.0E-9

FIGURE 6: Distribution of the hydraulic conductivity determined
with Guelph tests on the first test site.
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FIGURE 7: Hydraulic conductivity determined with the Guelph tests on the first test site.
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FIGURE 8: Grain size distribution of the investigated soil samples.

fied as silt (65.2%) with a small percentage of sand (22.7%)
and clay (11.8%) (Table 3). Values of density obtained on
site were very similar to those determined in the laboratory.

On the second test field, the results of the permeability
tests both in the laboratory and on site were less dispersed
(Figure 9 and Figure 10). The maximum coefficient of per-
meability, required by most European regulations, was re-
spected in most samples. Two of the twelve tests were ne-
glected due to instrument errors. The mean and the median

on-site hydraulic conductivity were lower than those on the
previous test site (1.1x10°8 m/s and 5.3x10° m/s) by one
order of magnitude. The corresponding laboratory samples
reported a slightly higher mean value (1.2x10° 8 m/s and
9.1x10%) (Table 4).

Figure 11 shows the hydraulic conductivity values vs
the clay percentage: the higher the clay content, the lower
the permeability. No noticeable trend in permeability was
detected with depth (Figure 12).
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TABLE 3: Properties of the different soil samples.

laboratory onsite
w (%) 19,4 19,0
p (Mg/m°) 1,96 1,94
p, (Mg/m?) 1,64 1,63
gravel (%) 0,3
sand (%) 22,7
silt (%) 652
clay (%) 11,8
Soil description Sandy clayey silt

TABLE 4: Results of the permeability test on the second test site.

Guelph Laboratory

ki, k, ki /k,
% (M/s) 1.1E-08 1.2E-08 2.06
median (m/s) 5.3E-9 4.4E-9 0.58
90t percentile 3.0E-8 3.0E-9 7.10
o (m/s) 1.3E-08 1.3E-08
0% (m/s)? 1.6E-16 1.6E-16
C, 1.19 1.05

Kfs (m/s)
1.0E-7
1.0E-8

. . . 1.0E-9
00 05 10 15 20
X

FIGURE 9: Distribution of the hydraulic conductivity determined
with Guelph tests on the second test site.

As before, for both laboratory and in-situ permeability
tests, the values of the standard deviation and of the coef-
ficient of variation were high but very similar between the
two types of tests (Table 4). As expected, the laboratory
samples reported different hydraulic conductivity than the
on-site tests. Indeed, the two types of tests adopt distinct
tools and test conditions to determine the hydraulic con-
ductivity. In particular:

- Difference between sample sizes: the laboratory sam-
ples were discs of 4000 mm? in area and 20 mm in
height, while the volume sampled on site was a cylinder

w= Guelph

1.0E-08

of 5000 mm? in area and 230 m in height.

+  The laboratory tests were carried out at a controlled
temperature of 20°C, while it was not possible to con-
trol the external temperature on site (ranging from 10°C
to 23°C).

+ The flow direction in the laboratory tests was vertical,
while the on-site test measured the combination of
both vertical and horizontal permeabilities.

Despite these disparities in test conditions, the differ-
ence between the results of the field and laboratory perme-
ability tests was surprisingly minimal. The mean and medi-

wes Laboratory —Law limit

K (m/s)

1.0E-09

A2 A3

AS A6 B1 B2 B3 B4 BS B6

Sample name

FIGURE 10: Hydraulic conductivity measured on the second test site (ordered by name).

G. Cortellazzo et al. / DETRITUS / Volume 27 - 2024 / pages 66-77

73



1.0E-07

L
S ®
Q) @
£ 1.0E-08 & ®
x .
&
et @
- 4 ®
@
®
1.0E-09
8 10 12

® Guelph @ Laboratory

14 16
Clay (%)

18 20 22

FIGURE 11: Hydraulic conductivity measured on the second test site (ordered by clay fraction).
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FIGURE 12: Hydraulic conductivity measured on the second test site (ordered by depth).

an k. /k, ratios are 2.06 and 0.58, respectively, values that
point to the existence of some outliers (Table 4).

A reference bold line, representing the equality be-
tween the hydraulic conductivity obtained in the labora-
tory and in situ, was inserted diagonally in the Figure 13.
Other dashed lines, drawn in the same figure, represent
the percentual deviation of the Guelph hydraulic con-
ductivity from the above-mentioned reference line. The
comparison between laboratory and Guelph hydraulic
conductivity data shows a good agreement with some
outliers.

Hydraulic conductivity data used in Bland-Altman plot
were log-transformed since the hydraulic conductivity
generally follows lognormal distribution (Lodiciga, 2015).
Figure 14 shows a negative close to zero bias, the width
of the 95% upper and lower limits and the absence of an
evident trend between the difference and the mean.

Finally, in Figure 15 the k. /k_ ratio is shown as a func-
tion of the clay percentage and is mostly less than unity.
In conclusion, considering the significant differences in
procedures and conditions between laboratory and in situ
permeability tests, the results are remarkably similar, and
the Guelph permeameter provided very reliable results.

3. CONCLUSIONS

In the present study, the Guelph permeameter was tested
on two testing areas, located on the provisional cover of the
Grumolo delle Abbadesse MSW landfill. The mineral liner of
the capping system was composed of clayey soils excavat-
ed in the landfill site. On the first testing area, 24 hydraulic
conductivity tests were performed with a Guelph permeam-
eter. On the second testing area 12 cylindrical samples were
collected for laboratory analysis and hydraulic conductivity
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FIGURE 14: Bland-Altman plot between data measured on the second test site and in laboratory.

tests with the Guelph permeameter were performed in the
holes made for the sample collection. Two in-situ density
tests were also carried out. In the laboratory, sieve analy-
ses and falling head permeability tests were performed.

The main purpose of the first test field was to evaluate
reliability and reproducibility of the results obtained with the
Guelph permeameter. The experimental results confirm this
attitude; if the investigated soil is homogeneous enough,
the hydraulic conductivity remains in a range comparable
to that of laboratory tests. A greater dispersion of the val-
ues was found in the presence of sandy and clayey lenses,
detected visually in some points of the investigated area
(figure 6) which made the tested soil non-homogeneous.

The purpose of the second testing area was to evalu-
ate the difference between hydraulic conductivities deter-
mined with the Guelph permeameter tests and those ob-
tained from laboratory permeability tests.

On this second site, the soil was more homogeneous
than on the first one and was classified as a sandy clayey
silt. In situ density tests were found to be consistent with
laboratory values. In this second test, given the greater ac-
curacy in the selection of soils so that their homogeneity
was granted, hydraulic conductivities were more than an
order of magnitude lower than in the first test. Although the
in situ and laboratory permeability tests differed in terms of
test conditions and type of instrumentation, the difference
in hydraulic conductivity values determined between corre-
sponding samples was minimal.

In conclusion, the experiments performed with the
Guelph permeameter and their statistical processing show
its reliability, making it an instrument not only cheap and
easy to use, but also reliable if used with the appropriate
precautions. In particular, the Guelph permeameter be-
comes a valid alternative to laboratory permeability tests to
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FIGURE 15: Ratio of on-site and laboratory hydraulic conductivities vs clay fraction.

define the permeability of compacted mineral layers quick-
ly and precisely in landfills. The Guelph permeameter can
be used with the aim of intervening during the construction
of the barrier without slowing down the construction pro-
cesses. Based on the values of the hydraulic conductivity
detected on-site and according to the limits imposed by the
regulation, the soil properties can be quickly corrected by
adding or removing water or by soil mixing.
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ABSTRACT

In this paper, the regulatory framework for PFAS is addressed, using the traditional
legal method to analyze the rules and structures of existing laws and regulations in
Sweden. The aim is to analyze and problematize the legal situation regarding PFAS in
water around landfills, with a focus on leachate. The starting point is the updated risk
assessment of PFAS and the requirements for a non-toxic and healthy environment.
The study shows strengths and weaknesses with the environmental legal framework
for PFAS contamination at landfills in Sweden. Four central problems have been high-
lighted: (1) production: waste containing PFAS continues to be sent to landfills; (2)
old landfills that are not in use but pose a high risk of spreading PFAS; (3) landfills
in operation, which comply with current regulations but have large concentrations of
PFAS in leachate (and surrounding water); and (4) PFAS propensity for long-range
dispersal. The revised health-based guideline from the European Food Safety Author-
ity underscores the heightened danger of PFAS, emphasizing the need to minimise
the risk of long-term exposure. It takes time to implement changes to the legal sys-
tem. While it is possible to regulate purification and permitted levels of PFAS in leach-
ate through permit conditions, this opportunity is rarely used. A large responsibility
therefore rests on the authorities responsible for the licensing of landfills to align the

1. INTRODUCTION

The top step in the European waste hierarchy is pre-
venting the generation of waste and the last step is dis-
posal, including landfilling (Directive 2008/98/EC, Article
4). This means that landfilling should be considered as the
last resort for managing waste, limited to what cannot be
further valorised within the Circular Economy concept. De-
spite this, landfilling is still the main method of handling
waste in large parts of the world; it is seen as a simple and
cost-efficient way to dispose of waste. On the other hand,
when the Circular Economy principle is effectively applied,
hazardous substances contained in the original products
may accumulate both in the recycled materials and in res-
idues disposed of in landfills, including PFAS (Cossu et al.,
2020; Pivato et al., 2024). For this reason, the design of the
landfill, in line with the principle of environmental sustain-
ability, plays a crucial role in reducing the risk of environ-
mental pollution and its harmful effects on human health
(Grossule and Stegmann, 2020). Although strict require-
ments are often placed on active landfills, the many older
landfills pose a great risk of pollution to soil, water, and air
(SGI, 2011).

individual permits with up-to-date scientific knowledge on PFAS risks.

In Sweden, 4.4 million tons of waste (excluding extrac-
tive waste) were landfilled in 2020, which is an increase of
300,000 tons compared to 2018 (SEPA, 2022:36). Since
the beginning of the 1990s, Sweden has worked diligently
to select and promote other treatment methods to reduce
landfilling, including material recycling with easily acces-
sible recycling centers, as well as clear guidance for mu-
nicipalities to reduce the amount of waste. As a result of
stricter legislation and a series of bans on disposal of cer-
tain types of waste introduced in the 21st century, a large
part of the active landfills in Sweden have been closed, and
most of them will be covered by 2030. The materials used
for the final coverings are layered to, among other things,
prevent rainwater from seeping through and getting con-
taminated (Swedish Waste Management, 2022:3; 2023).
There are currently 370 landfills in Sweden that submit
environmental reports’, and about 6,700 landfills are regis-
tered in the EBH-portal? (Miljosamverkan, 2022:8). Howev-
er, the closed landfills continue to affect their surroundings
for a very long time (SGI, 2023).

Per- and polyfluoroalkyl substances (PFAS) are a col-
lective name for a group of highly fluorinated, industrially
produced, and environmentally hazardous substances that
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have been used in large-scale production since the early
1950s (KEMI, 2021:9). There are over 12,000 different PFAS
structures that have been identified (EPA, 2021), and of
these, roughly 4,700 have been inventoried so far (OECD,
2018:16). Since many PFAS are grease-, dirt-, and water-re-
pellent, it makes them very useful in products like textiles,
lubricants, and food packaging materials. Other PFAS also
have surface-active properties that make them useful in, for
example, cookware, cleaning agents, paints, ski wax, and
cosmetics (KEMI, 2015:32-49). PFAS are very effective, and
therefore only low concentrations are needed to achieve
the desired function in the product (KEMI, 2015:66). Due
to the strong bond between carbon and fluorine, PFAS are
extremely persistent and do not fully degrade under natural
conditions. This means that PFAS remains indefinitely in
the environment in some form (KEMI, 2021:16).

Perfluoroalkyl sulfonic acids (PFSA) and perfluorocar-
boxylic acids (PFCA), such as perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA), respective-
ly, are the PFAS that have mainly been studied in the last
20 years (KEMI, 2021:13). Thus, for the majority of PFAS
and their effects on health and the environment, there is
a lack of knowledge. There are, however, strong reasons
to consider all PFAS as harmful to health (Bonato et. al.,
2020; Lohmann et. al., 2020; Fenton et. al., 2021). Studies
show that PFAS may affect reproduction, the immune sys-
tem, birth weight, cholesterol levels in the blood, and cause
cancer (Bonato et al., 2020; EFSA, 2020:3-9; ATSDR, 2021
Ch. 2; Fenton et al., 2021; Racz and Kempisty, 2021:3). Al-
though available epidemiological studies show this corre-
lation between exposure to PFAS and the mentioned health
risks, it has not yet been possible to establish a cause-and-
effect relationship for most of these health risks (ATSDR,
2021:26). Today, PFAS are found everywhere in the environ-
ment all over the world, and almost all people have PFAS in
varying degrees in their bodies® (KEMI, 2021:9).

Many PFAS have high water solubility, which, togeth-
er with their persistence, gives them high mobility and a
great potential for long-distance transport by water. Some
PFAS (e.g. fluorotelomer alcohols (FTOHs), perfluoro-
butanoate (PFBA)) can be released into the air from ma-
terials, production processes, incineration, wastewater
treatment, and landfills (Ahrens et al., 2011; Hamid and Li,
2016; MPCA, 2022; Bjorklund et al., 2023); and spread long
distances through the air, which constitutes an important
spread path to soil and surface water globally. This means
that PFAS, via atmospheric deposition, can also be added
to areas that otherwise have no influence from civilization
or direct sources, like arctic environments. PFAS can enter
groundwater by precipitation, irrigation, or flooding when
they are present in the soil. In groundwater, the contami-
nants, due to their relatively high tendency to dissolve in
water, can spread over long distances. Emissions to sur-
face water can occur via runoff from contaminated areas,
contaminated groundwater, emissions from, for example,
extinguishing operations, treatment plants, landfills, or at-
mospheric deposition (KEMI, 2021:34-36; Racz and Kemp-
isty, 2021:7-9).

PFAS has accumulated in both active and closed land-
fills due to decades of consumer use and subsequent dis-

posal of products, industrial waste, and sludge containing
PFAS (Bolan et al., 2021:120). Knowledge about the com-
position, concentrations, and waste streams of PFAS in
Sweden is often inadequate because only a few percent
of the Swedish landfills have been investigated regarding
PFAS. As a result, PFAS are spread to surrounding water
and soil, where they pose a threat to humans and the envi-
ronment for a long time to come (Miljésamverkan, 2022:3
and 8).

The aim of this paper is to analyze and problematize
the regulations regarding PFAS in water near landfills, with
a focus on leachate, in light of an updated risk assessment
of PFAS and the requirements for a non-toxic and healthy
environment. The study will highlight the strengths and
weaknesses of the environmental legal framework for
PFAS pollution at landfills in Sweden.

After the introduction, data on PFAS from Environmen-
tal Cooperation Sweden (Swe: Miljosamverkan Sverige)*
is presented to give an overview of PFAS findings at land-
fills in Sweden. Thereafter, the revision of the health-based
guideline value from the European Food Safety Authority
is briefly summarized to show a changed view of the risk
assessment of PFAS. This is followed by an account of the
regulation of PFAS on the international and European Union
(EU) level, with a particular focus on waste (landfill) and
water legislation. Lastly, the results are discussed and con-
clusions are presented.

2. MATERIALS AND METHODS

The analysis is based on a qualitative legal review of the
regulations for PFAS. A traditional legal method has been
applied, which in short means searching for a solution to
a legal problem by analyzing and interpreting current law
based on the generally recognized sources of law (Kleine-
man, 2018:21; Sandgren, 2009:118). The starting point for
the analysis has been a review of the international regula-
tion of PFAS. As an EU member state, Sweden is obligated
to fulfil the requirements of secondary EU law (i.e., direc-
tives, regulations, and decisions), which means that certain
areas of Swedish legislation are strongly influenced by EU
law and, in some cases, directly transferable. This applies
in particular to the waste and water legislation, as these
matters are to a large degree harmonized at the EU level,
thus limiting the possibilities for strictly national legislative
solutions. Consequently, the central focus of the analysis
has been relevant EU regulation, which has been followed
by national legislation. To gain a greater understanding of
the problem and the threat that PFAS in landfills poses to
human health and the environment, materials from various
authorities and organizations have also been studied.

3. PFAS UPDATE
3.1 Environmental Cooperation Sweden

With an emphasis on PFAS in leachate, Environmental
Cooperation Sweden established a case manager support
program for PFAS in landfills in January 2022. Measure-
ment data on PFAS in leachate from landfills, as well as in
surrounding groundwater and surface water, was collected
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from 165 Swedish landfills in different phases. Leachate
data was obtained from 117 landfills. The number of PFAS
analyzed varied between 1 and 34. The investigated land-
fills had not installed treatment technologies to effectively
remove PFAS. The general methods that existed for remov-
ing pollution were, for example, sedimentation ponds and
wetlands. PFAS were present in measurable levels in all
leachate samples, even after existing treatment methods.
Since PFAS hardly breaks down, existing treatment meth-
ods are not sufficient to effectively remove all PFAS (Mil-
josamverkan, 2022:9 and 12).

Furthermore, the results showed that surface water
and groundwater adjacent to the landfills contained PFAS,
often in concentrations that exceeded the Water Authori-
ty's assessment criteria (environmental quality standards
for water) for PFAS-11 and PFOS. Groundwater and sur-
face water bodies upstream of the landfills also contained
PFAS. This may be because the spread of PFAS from land-
fills is greater than estimated and/or that there are uncer-
tainties regarding the direction of the water flow. A more
likely reason is however that there are other sources of
PFAS within the catchment area. High concentrations of
PFAS found in groundwater and surface water were often
also found in high concentrations in leachate (Miljosam-
verkan, 2022:13). Figure 1 shows some highlights of the
project findings.

PFAS with the highest concentrations in leachate were
PFBA, PFBS, PFPeA, PFHxA, and PFOS, with a maximum
concentration that varied between 22800 and 74600 ng/L
and a mean value that varied between 427 and 1242 ng/L.
The most common PFAS in leachate were PFHxA, PFOA,
PFOS, PFPeA, and PFHpA, with a detection frequency
between 96 and 99%, and PFHxS, PFBS, and PFBA had
a detection frequency between 89 and 94%. At least one
PFAS was present in 83-84% of all examined surface and
groundwater. With a detection frequency of 53-71%, eight
PFAS—PFOS, PFOA, PFHxA, PFBA, PFHxS, PFHpA, PFPeA,
and PFBS—were discovered in more than half of the sur-
face and groundwater samples analyzed (Miljsamverkan,
2022:10-13).

3.2 European Food Safety Authority guideline value

The European Food Safety Authority (EFSA) has previ-
ously carried out a risk assessment of PFOS and PFOA.
In 2008, a so-called tolerable daily intake (TDI) was de-
termined, based on animal studies, of 150 ng/kg of body
weight and day for PFOS and 1500 ng/kg of body weight
and day for PFOA. The TDI corresponds to the amount
of these substances that a person can ingest every day
throughout their life without risking any impact on health
(EFSA, 2008:2-4).

According to EFSA's 2020 intake estimates, the weekly
exposure of the European population to per-weekly PFAS
exposure ranges from 3 to 22 ng/kg of body weight. Fish,
fruit, and eggs were the foods that contributed the most to
exposure to PFAS. In areas with PFAS-contaminated water,
exposure to PFAS via drinking water can be a significant
source (EFSA, 2020:39 and 147).

EFSA has updated its risk assessment of PFAS based
on epidemiological studies and their effect on the immune
system. In the latest evaluation from 2020, a joint tolera-
ble weekly intake (TWI) is specified for four different PFAS:
PFOA, PFNA, PFHxS, and PFOS. The assumption is that
these PFAS have similar properties and are equally toxic.
The evaluation states an overall TWI of 4.4 ng/kg of body
weight per week. The TWI value is the exposure level one
should maintain throughout one’s lifespan (EFSA, 2020:7-8).

4. RESULTS
4.1 Global regulation on PFAS

The first reports on the risk and harm of PFAS came in
the early 2000s (Giesy and Kannan, 2001; Hansen et. al.,
2001). Since then, techniques have been created and are
still being developed to, among other things, detect lower
concentrations of PFAS in water. This has created a greater
awareness of the problem with PFAS.

At the global level, the relevant instrument is the 2001
Stockholm Convention on Persistent Organic Pollutants
(‘Stockholm Convention’). The convention aims to protect
human health and the environment from the harmful ef-
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FIGURE 1: PFAS-11 found in leachate, groundwater, and surface water (Miljésamverkan, 2022:10 and 13).
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fects of persistent organic pollutants (POPs) by prohibit-
ing, phasing out, or limiting the use and production of listed
substances, but also to limit or eliminate, where possible,
emissions of unintentional byproducts. In addition to pro-
duction and use, the convention also covers waste man-
agement and environmental monitoring (UN, 2001; UNEP,
2020). PFOS, its salts, and related substances were added
to the annex of the convention in 2009 (UNEP, 2009). In
2019, the annex was updated based on new assessments
on PFOS, adding PFOA, its salts, and related substances to
the list (UNEP, 2019a; UNEP, 2019b). The latest PFAS addi-
tion to the convention was made in 2022 with perfluorohex-
anesulfonic acid (PFHxS), its salts, and related substances
(UNEP, 2022). Compliance with the convention would imply
a global phase-out of these three PFAS and their substanc-
es. Considering the risk profile and the risk management
evaluation of PFAS, we can expect more PFAS to be added
to the list in the future. Already, there is a proposal to in-
clude long-chain (C9-C20) perfluorocarboxylic acids (PF-
CAs), their salts, and related compounds in the Stockholm
Convention Annex (UNEPR, 2021).

4.2 EU regulation on PFAS

The first EU legal act relating to one PFAS substance
was adopted in 2006 with regard to restrictions on the
marketing and use of certain dangerous substances and
preparations. Even if PFOA were suspected to have a sim-
ilar risk profile, it was PFOS that were first regulated to be
restricted based on the assessment that PFOS are persis-
tent, bioaccumulative, and toxic to mammalian species (Di-
rective 2006/122/EC, Recitals 1 and 7).

The Stockholm Convention’s requirements for limiting
PFOS, PFOA, PFHxS, and substances that can be broken
down into these substances have been introduced into EU
legislation through the Regulation on Persistent Organic
Pollutants (‘the POPs Regulation’). The POPs Regulation
aims to protect human health and the environment by elim-
inating, phasing out, or limiting the production and use of
POPs, as defined in the Stockholm Convention or the Pro-
tocol to the 1979 Convention on Long-Range Transbounda-
ry Air Pollution on Persistent Organic Pollutants (CLRTAP)
(Regulation (EU) 2019/1021, Article 1 and Annexes; Reg-
ulation (EU) 2022/2400). Since PFOS, PFOA, and PFHxS
are included in the POPs Regulation, they are prohibited
to manufacture, place on the market, and use within the
EU, except for certain special exceptions, including use for
laboratory-scale research. The objective is to control waste
that contains or is polluted by POPs and to reduce, if at
all possible, POP emissions. The aim and objectives of
the regulation have been formulated with the precaution-
ary principle in mind, which means that a lack of scientif-
ic agreement regarding the risk of damage caused by the
POPs must not mean that precautionary measures are not
taken (Regulation (EU) 2019/1021, Articles 1, 3, and 4; Reg-
ulation (EU) 2022/2400).

Producers or holders of waste must, as far as possi-
ble, avoid contamination of the waste with the substances
listed in Annex IV of the regulation. To ensure that the POP
content is destroyed or irreversibly transformed, contam-
inated waste must, in most cases, be disposed of or re-

covered quickly (Regulation (EU) 2019/1021, Article 7). It
is the responsibility of each Member State to ensure that
the production, collection, and transport of contaminated
waste, as well as its storage and treatment, is carried out
under conditions that protect human health and the envi-
ronment (Regulation (EU) 2019/1021, Article 7(6); Directive
2008/98/EC, Article 17).

The presence of PFAS in waste is regulated by limit val-
ues (Regulation (EU) 2019/1021, Annex IV). Since Novem-
ber 2022, limit values for PFOA and PFHxS have been add-
ed to the annex following the addition of these substances
to the Stockholm Convention (Regulation (EU) 2022/2400).

The POPs Regulation Annex IV shows a Low POP Con-
tent Level (LPCL), and Annex V shows a Maximum POP
Content Level (MPCL). When waste contaminated with
POPs is to be destroyed or irreversibly transformed, the
LPCL is specified in concentrations, in mg/kg. For PFOS
and its derivatives, the limit value is 50 mg/kg; for PFOA
and its salts, T mg/kg; for PFOA-related compounds, 40
mg/kg; for PFHxS and its salts, 1 mg/kg; and for PFHxS-re-
lated compounds, 40 mg/kg (Regulation (EU) 2019/1021,
Annex IV; Regulation (EU) 2022/2400). If the waste has a
level between LPCL and MPCL, it can be stored permanent-
ly in a bedrock formation, salt mine, or landfill for hazard-
ous waste, provided that the waste has been stabilized and
a decision has been made by the appropriate national au-
thority (Regulation (EU) 2019/1021, Annex V). In Sweden,
the appropriate national authority is the Swedish Environ-
mental Protection Agency (SEPA).

Exemptions from the regulations pertaining to the de-
struction or irreversible transformation of PFOA and PF-
HxS in accordance with the higher levels in Annex V may
be requested if there is a lack of accessible technology and
the application is environmentally appropriate. According
to SEPA's interpretation, it is not possible to grant such a
dispensation for waste contaminated with PFOS since the
upper and lower limits for PFOS are the same. All waste
containing more than 50 mg PFOS/kg dry matter must be
destroyed or irreversibly transformed. This means that the
waste must be handled in such a way that PFOS is not at
risk of spreading further, e.g., through incineration. In this
case, recycling or disposal methods are not allowed, as
this may lead to further contamination of the waste. How-
ever, waste containing less than 50 mg PFOS/kg dry matter
needs to be disposed of or go through recovery operations
in a manner that is compatible with current EU regulations.
In general, if the waste contains concentrations below the
LPCL of the respective POP substance, it does not need to
be destroyed or irreversibly transformed. The waste must
instead be recycled or disposed of in a way that is compat-
ible with the appropriate EU legislation and gives the best
results for the environment (Regulation (EU) 2019/1021,
Annexes IV-V; SEPA, 2023; SEPA, 2024).

4.3 Landfills and PFAS regulation

The main Swedish regulation on waste landfills is the
Ordinance (2001:512) on landfilling. This ordinance was
adopted to incorporate the requirements of the EU Direc-
tive 1999/31/EC on the landfill of waste in Swedish law.
The latter aims to prevent, or where possible reduce, the
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negative effects that landfills have on land, air, surface wa-
ter, groundwater, and human health (Article 1). To support
the EU’s transition to a circular economy, the directive was
amended in 2018 (Directive (EU) 2018/850, Recital 2). One
goal of the directive is to limit the proportion of landfilled
municipal waste to 10% by 2035 at the latest (Directive
1999/31/EG; Directive (EU) 2018/850, Articles 1 and 5(5)).
A couple of key points in the directive are that Member
States must implement national strategies to try to reduce
the amount of biodegradable waste going to landfills; only
waste that has been treated may be deposited; and landfill
owners must apply for a permit, which, among other things,
must include information on methods to prevent and re-
duce pollution (Directive 1999/31/EG, Articles 5(1), 6(a)
and 7; Directive (EU) 2018/850).

After a landfill is closed, it continues to affect its sur-
roundings for a very long time. To limit the leakage of
leachate, EU requirements for the final landfill cover are,
in Sweden, transposed into the Ordinance (2001:512) on
landfilling. As an example, the final cover for landfills for
hazardous waste must be designed so that the amount
of leachate passing through the cover does not exceed 5
L/m? per year. It is the operator’'s responsibility to ensure
that the limit is not exceeded. Landfills in operation must
be protected against surface and groundwater entering the
landfill (Swedish Ordinance 2001:512, Para. 23 and 31).

There are three categories of landfills. The division is
based on the type of waste that is landfilled: hazardous
waste, non-hazardous waste, and inert waste (Directive
1999/31/EG, Article 4; Swedish Ordinance 2001:512, Para.
7). A correct classification of the waste is important. To
assess whether a waste has hazardous properties, Annex
[l to Directive 2008/98/EC on waste (‘the Waste Frame-
work Directive’) is applicable (Swedish Waste Ordinance
2020:614, Ch. 2 Para. 2). When a waste contains a sub-
stance that is classified with at least one of the hazard
class codes found in Annex Ill of the Waste Framework Di-
rective, it shall be classified as hazardous waste. The sub-
stance PFOS is reproductively toxic (H 10), and the limit
for when waste with PFOS content must be classified as
hazardous is therefore set at 0.3% (3000 mg/kg). The lim-
it for when a waste is classified as hazardous in terms of
PFOS, PFOA, and PFHXxS can thus be significantly higher
than what follows from the requirements for destruction
or irreversible conversion according to the POPs regulation
(SEPA, 2023).

SEPA’s regulations on disposal, criteria, and proce-
dures for receiving waste at waste disposal facilities (NFS
2004:10)° contain acceptance criteria and limit values for
waste that is deposited. The regulation currently has no ac-
ceptance criteria for any PFAS substance. However, before
waste is deposited, the operator must have acquired as
much knowledge as possible of the waste’s composition,
leachability, and other properties, as well as the effects of
the waste in general and in the long term (Swedish Ordi-
nance 2001:512, Para. 16).

Waste that contains pollutants that lack acceptance
criteria must nevertheless be examined to assess whether
it meets the landfill class in which it has been classified
(NFS 2004:10, Para. 4). The limit values for PFOS, PFOA,

and PFHxS, according to the POPs regulation, must there-
fore be taken into account when receiving waste at a land-
fill. There are no general guidelines on what requirements
should be set for any substance in leachate that, after local
treatment, is released to the recipient or is led to a sew-
age treatment plant. However, the landfill owner must have
knowledge of the PFAS levels found in leachate leaving the
landfill. Special precautions such as stabilization, covering
of the masses, deposition in separate cells, etc. may be
necessary. These measures must be assessed and tested
in each individual case, in keeping with the precautionary
principle. Conditions are set for each landfill during the per-
mit assessment in accordance with the Swedish Environ-
mental Code (SEC) (SEPA, 2023).

With the support of Ch. 9 SEC and the Swedish envi-
ronmental assessment ordinance (2013:251) regarding
environmentally hazardous activities and health protec-
tion, a permit for landfill operations may be granted. The
application for a permit is assessed based on the general
rules of consideration, according to which requirements for
knowledge, caution and resource management can be set,
and results in concrete conditions for landfill operations
(Ch. 2 SEC). Common conditions include that leachate
from the facilities must be collected and stored in ponds,
and the impact of the emissions on the recipient must be
controlled. Landfilling can also constitute water operations
that, in connection with the design of landfills and the han-
dling of leachate, may be subject to a permit or notifica-
tion requirement following Ch. 11, s. 9 and 9a SEC. The
leachate itself is considered waste (Swedish Ordinance
2020:614, Annex II).

There are currently only a few landfills that have condi-
tions in their permits for the release of PFAS. According to
Environmental Cooperation Sweden, there are only condi-
tions or probationary conditions regarding PFOS for three
landfills in Sweden. In these cases, the PFOS content in
outgoing water must not exceed 80-100 ng/L. The project
team currently assesses that around 20 ng/L of PFAS in
outgoing leachate can be seen as a benchmark for when
the supervisory authority should require an investigation of
appropriate measures. However, an assessment should be
made in each individual case. Lower levels may be appro-
priate for a particularly sensitive recipient, and higher levels
may be acceptable under certain conditions (Miljosamver-
kan, 2022:26 and 35).

The situation is, however, largely characterized by the
absence of clear guidelines for the authorities. On top of
that, in the few cases where limit values have been set,
there is disagreement regarding what the appropriate level
is. An example is the judgement from 2021 of the Swed-
ish Environmental Court of Appeal in case M 2164-19. The
case concerned conditions for a landfill, where the Coun-
ty Administrative Board in Jonkoping County demanded a
limit value for PFOS of 20 ng/L to ensure that there is no
deterioration of the status of the water body with regard
to PFOS and the environmental quality standards (EQS)
based on calculations of dilution in the recipient. In their
judgment, the court issued provisional regulations stating
that the PFOS content as an annual average may not ex-
ceed 80 ng/L in outgoing treated water.
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In the event that no limit values are set, the supervisory
authority always has the opportunity to issue injunctions
and prohibitions that are needed in an individual case, with
the support of Ch. 26 and Ch. 2 SEC. The supervisory au-
thority could, for example, issue an injunction for control of
a waste facility and its leachate.

For waste treatment facilities, there are requirements
according to the EU’s Best Available Technique (BAT) con-
clusions for waste treatment (Decision (EU) 2018/1147).
These provisions are mainly implemented through the
Swedish Industrial Emissions Ordinance (2013:250). Ac-
cording to the BAT conclusions, PFOS and PFOA in water
discharges from waste treatment facilities must be mon-
itored once every six months (Decision (EU) 2018/1147,
Annex). The BAT conclusions apply in parallel with the re-
quirements following the permit assessment. A specific
BAT requirement is also enshrined in the SEC, which means
that requirements regarding BAT can be set based on both
the SEC (Ch. 2 Para. 3) and the BAT conclusions.

A number of Swedish sewage treatment plants receive
leachate from landfills. The measures required for these
plants are based on the requirements set according to the
voluntary certification system Revaq®. Normally, leachate
from landfills should not be connected to Revaqg-certified
sewage treatment plants; instead, the leachate must be
disconnected, and reconnection is not permitted after the
certificate is granted. To be allowed to maintain a connec-
tion to a certified sewage treatment plant, the disconnec-
tion must lead to the raw water protection being damaged
or a recipient for the leachate being missing, at the same
time as the leachate must be purified to an acceptable lev-
el according to the Revaq manual for assessment of lea-
chate. So far, the manual only contains levels and tolerable
allowances for PFOS’ (Allmyr and Sternbeck, 2017:4, 8, and
12; Miljosamverkan, 2022:34).

4.4 Water and PFAS regulation

The EU Water Framework Directive (WFD) was adopted
in 2000 and aims to protect and improve all water within the
EU (Directive 2000/60/EC). The directive is supplemented
by three subsidiary directives: The Priority Substances Di-
rective (Directive 2013/39/EU), which specifies limit values
and regulates 45 priority substances to be investigated
in water management; the Groundwater Directive (Direc-
tive 2006/118/EC), containing criteria for assessing good
chemical groundwater status and for detecting and revers-
ing upward trends in the occurrence of contaminants; and
the Drinking Water Directive (Directive 2020/2184). In Swe-
den, the WFD was introduced into Swedish legislation in
2004 through Ch. 5 SEC, the Swedish Ordinance (2004:660)
on management of the quality of the water environment,
and the Swedish Ordinance (2017:868) with county board
instructions.

Based on the WFD, the Water Authorities® in Sweden
have established EQS for the priority substances that are
specified in the Priority Substances Directive, which only
lists one PFAS, PFOS. The Swedish Agency for Marine and
Water Management has, among other things, the task of
protecting, restoring, and ensuring that fresh water and sea
resources are used sustainably. In their regulation (HVMFS

2019:25), an EQS for PFOS in surface water is set to 0.65
ng/L as an annual average value (Annex 6), while for sur-
face water that is a source of drinking water, there is an EQS
for PFAS-11 at 90 ng/L (Annex 5(4)). These limit values are
legally binding for the water authority’s risk, status, and ac-
tion assessments. Leachate is mainly formed by rainwater
that infiltrates the landfill, but in old landfills, ground and
surface water seep into the landfill and thus form leachate.
If the soil beneath the landfill is unsaturated with moisture,
such as in an inflow area, the leachate can infiltrate through
the soil, and in this way, some contaminants are retained in
the soil while others are transported further and risk con-
taminating the groundwater (SEPA, 2008:5).

When it comes to PFAS in groundwater, in 2016, the Wa-
ter Authorities produced EQS for the total concentration of
PFAS-11. At a concentration above 90 ng/L, the groundwa-
ter body was considered to have an unsatisfactory status.
Already at 18 ng/L, i.e., at a concentration sum of 20% of
the EQS, measures were to be taken to reverse the trend
(SGU-FS 2013:2; Swedish Water Authorities, 2016). In 2022,
the European Commission presented a proposal for a revi-
sion of the WFD, the Priority Substances Directive, and the
Groundwater Directive with the aim of improving the pro-
tection of EU citizens and the environment by, among other
things, enabling a faster process of inadequately manag-
ing chemical threats (European Commission, 2022). From
March 2023, a new general threshold value for PFAS in
groundwater applies within the Swedish water administra-
tion, which is based on the commission’s proposal. In the
Geological Survey of Sweden'’s regulation on mapping, risk
assessment, and classification of groundwater status, it is
established that the new general threshold value pertains
to the weighted sum of PFAS-24 and is set at 4.4 ng PFOA
equivalents/L. The threshold value means a total sum of all
PFAS content after these have been individually convert-
ed to PFOA equivalents based on the substances’ toxicity
factors (SGU-FS 2023:1, Annex 3). This threshold value has
no legal effect but will exist as support for the Water Au-
thorities in their work. The guidelines decided by the Water
Authorities for the sum of PFAS-11 are legally valid until
2027 at the latest when the Water Authorities next decide
on threshold values (KEMI, 2023a:2).

At the end of 2020, a new directive (2020/2184) on
the quality of water intended for human consumption was
adopted. The goal is to protect human health from the
harmful effects of all kinds of contamination of drinking
water (Recital 2). Limit values for PFAS-20 were introduced
in the directive (Annex lll, Part B). Member States must
have taken the necessary measures by January 12, 2026,
at the latest to ensure that the drinking water is compatible
with the new, legally binding limit values (Article 25). It is
estimated that around 20 million people in Europe may be
exposed to drinking water with higher PFAS levels than the
new recommended limit values determined within the EU
(KEMI, 2023b).

In the new drinking water directive, a parameter value
of 100 ng/L is set for PFAS-20 (Directive 2020/2184, Annex
I, Part B). This legislation entered into force in Sweden on
January 1, 2023, and applies to municipal drinking water
and drinking water from public and commercial business-
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es (LIVSFS 2022:12, Para. 2). The Swedish Food Agency’s
previous, non-legally binding recommendations for drink-
ing water referred to PFAS-11, with an action limit of 90
ng/L and an upper guideline value for when you should
avoid drinking the water of 900 ng/L (Swedish Food Agen-
cy, 2021:10). Based on EFSA's statement from 2020, Swe-
den has now chosen to set a national guideline value of 4
ng/L for PFAS-4 and 100 ng/L for PFAS-21, applicable from
January 1, 2026 (LIVSFS 2022:12, Annex 1). As a compar-
ison, it can be mentioned that the Danish Environmental
Protection Agency has chosen to lower the limit value to 2
ng/L for PFAS-4 (Danish Miljgministeriet, 2021).

In 2013, it was discovered that the drinking water for
residents in Kallinge, in southern Sweden, and the sur-
rounding area and the northwestern parts of Ronneby mu-
nicipality were contaminated with high levels of PFAS. The
contamination had spread from a nearby fire drill area to
the ground, the groundwater, and on to the drinking water.
The levels of PFAS measured in the drinking water were
among the highest measured in the world, at 10,380 ng/L.
A group of 165 people came together to sue the municipal
water company for the health risks of living with high levels
of PFAS in the blood. Ten years later, in December 2023,
the Swedish Supreme Court announced that the municipal
water company was responsible for personal injuries in the
form of elevated levels of PFAS in the blood, which means
physical deterioration of the body, and must therefore com-
pensate the plaintiffs (Case T 486-23).

5. DISCUSSION

In this paper, we have highlighted the legal situation re-
garding PFAS in landfills. We have focused on the regulation
of waste and water in Sweden. This includes an analysis
of the functionality of the legislation when it comes to the
management of PFAS in landfills in relation to the overarch-
ing goal of protecting human health and the environment.

When it comes to the specific legal regulations around
PFAS and landfills, the study points to some central prob-
lems: (1) production, we continue to send waste containing
PFAS to landfills; (2) old landfills, which are not in use but
pose a high risk of spreading PFAS; (3) landfills in opera-
tion, which comply with current regulations but have large
concentrations of PFAS in their leachate (and surrounding
water); and (4) PFAS propensity for long-range dispersion.
What we have concluded is the following:

The precautionary principle is a well-established prin-
ciple that permeates both international, EU, and national
law. The principle briefly means that precautionary meas-
ures must be taken when an activity poses a risk to human
health or the environment. It goes along with the idea that
it is “better to be safe than sorry” and entails that although
scientific evaluations cannot assess the risk with certainty,
precautionary measures should be taken to avoid a poten-
tially hazardous effect of, for example, a product or pro-
cess. Provided that measures taken are proportionate to
the desired level of protection, it is not discriminatory and
is consistent with previous measures in similar situations
(Pettersson & Johansson, 2022). We do not have knowl-
edge about all PFAS, but we do know that PFAS are per-

sistent in the environment, bioaccumulative and that some
may be toxic to humans and animals. Although PFAS may
not cause acute problems, we know that long-term expo-
sure implies a high risk of several serious health problems
in humans. Despite this, so far, only three PFAS are banned
within the EU. Moreover, there is no comprehensive leg-
islation that covers all PFAS; instead, individual PFAS are
regulated at different legislative levels. Often, when an
individual PFAS is regulated, that substance is replaced
with another unregulated PFAS. There are simply too many
substances, and the process of deciding whether to add a
substance to a restriction or ban list takes too long. In that
way, the legislation has no effect when it comes to reduc-
ing the risk.

There are currently two EU proposals submitted re-
garding PFAS. One of the proposals concerns banning
PFAS in fire-fighting foam (ECHA, 2022), and the other is
a restriction proposal that intends to treat PFAS as a group
and manage PFAS uniformly within the EU (ECHA, 2023).
Fire-fighting foam containing PFAS has caused serious en-
vironmental contamination, both of soil and drinking water.
The proposal to ban PFAS in fire-fighting foam would mean
that no further PFAS are spread in that way. What remains
is the problem of contamination that already exists and that
needs to be managed. If we do not act, it is estimated that
around 4.4 million tons of PFAS will end up in the environ-
ment in the next 30 years (ECHA, 2023). The proposal to
treat PFAS as a group would prevent the problem of one
substance replacing another as soon as one is restricted.
The positive effects of PFAS restrictions are already no-
ticeable, and the concentrations of PFOS seem to have
decreased on the Swedish west coast. Studies from the
national monitoring program for environmental toxins in bi-
ota showed a decrease in PFOS levels in herring liver at the
sampling station Fladen during the period 2004-2016 (Bign-
ert et al,, 2017:286). However, even if PFAS are banned or
restricted from now on, the problem of contaminated waste
will remain for a long time. The waste that we have already
generated will not disappear. We must thus both reduce the
PFAS emissions that occur today and find ways to handle
PFAS pollution from existing sources, such as landfills.

This brings us to the problem of environmental risks
associated with old landfills that are not in operation. It is
estimated that there are several thousand older landfills
in Sweden that were closed before the current regulation
came into force. These have been closed according to ear-
lier, and much lower, requirements for landfilling or before
requirements for protective measures even existed. As a
result, the environmental protection surrounding these
landfills is generally very low. As an example, there is no or
only limited monitoring of leachate (SGI, 2014:13). The re-
sponsibility to inventory closed landfills and assess the risk
to human health and the environment lies with the munici-
palities (NFS 2020:6, Para. 17). Although this work must be
included in each municipality’s waste plan, the pace of the
inventory varies between municipalities because it can be
costly, it requires commitment, and it is not clear how the
risk assessment should be made or how the result should
be implemented. Another issue concerns who can be held
legally responsible for the remediation of a contaminated
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area. Even if the starting point is the Polluter Pays Principle
(PPP), it is in practice often complicated to, for example,
determine who is the polluter, or to find the polluter. This
will however not be discussed further here.

The previously set EQS for PFOS and PFAS-11 are ex-
ceeded in some water bodies today. This entails the risk
that PFAS contaminates our ground and drinking water and
that the problem may increase over time. This brings us to
the problem of active landfills that comply with current reg-
ulations but that, despite this, still have high levels of PFAS
in their leachate, which spreads to the surrounding waters.
The regulation for PFAS in waste only regulates three PFAS
so far, and the threshold for waste to be considered haz-
ardous is high. As there are no national guidelines for treat-
ment and permit levels for PFAS in leachate, it is difficult
for the authorities to regulate PFAS in the operator’s permit,
although it has become more common for authorities to
request measurements of PFAS in leachate and recipients.
It is important to set requirements for supervision and con-
trol of PFAS, and the regulation needs to be both clearer
and more uniform. These shortcomings point to the neces-
sity of information regarding PFAS, including education,
innovation, and voluntary measures.

The problems with PFAS contamination have gained in-
creasing attention lately. In addition to the fact that the me-
dia has been diligent in reporting and informing about what
PFAS is and how it spreads, there are regularly published
news stories such as “Swedish crayfish can be stopped—
too high levels of Pfas”, which made headlines in Sweden
during the crayfish season in August 2022. Another inter-
esting headline from March 2023 was “New research: 43
types of PFAS in common toilet paper”®. There is also a
great focus and interest in research, both in conducting
studies of PFAS effects and in the development and evalu-
ation of various treatment techniques, not least within the
waste industry. In addition to legal measures, voluntary
measures and actions will be crucial to achieve sustain-
able development for future generations and to meet both
national and EU environmental goals such as a toxic-free
environment, responsible management of chemicals and
waste, and good health and well-being.

Environmental Cooperation Sweden has reported that
in Sweden there is currently only one full-scale waste man-
agement facility that treats PFAS in leachate, but that sev-
eral new ones are in the works. At the Telge Recycling plant
in Sodertélje, Sweden, they use foam fractionation, and the
degree of leachate purification is at least 90% for 6:2 FTS,
PFDA, PFHpA, PFHxS, PFNA, PFOA, and PFOS. However,
for PFBA, which is a short-chain substance that occurred
in the highest concentrations but was also one of the most
common in the project findings, the degree of purification
was 0% (Miljosamverkan, 2022:28). This shows that differ-
ent purification techniques are effective for different PFAS,
and to achieve an acceptable result, a combination of sev-
eral techniques may be required, and this needs to be fur-
ther studied. This is crucial to subsequently be able to set
conditions on treatment in the landfill's permit.

The last problem we intend to highlight is the fact that
PFAS tend to travel long distances, both via air and water.
PFAS is thus an international problem, and concerted ef-

forts to deal with the problems that these substances cause
are necessary. A study from 2022 shows that the levels of
PFAS in rainwater often exceed both the US Environmental
Protection Agency Lifetime Drinking Water Health Advisory,
the Danish limit value for drinking water, and the EQS for
EU surface water (Cousins et. al., 2022). Since leachate is
mainly caused by rainwater infiltrating landfills, the fact that
rainwater contains high concentrations of PFAS is a serious
problem. This circles us back to the problem (1) of produc-
tion and the importance of regulating the use of PFAS al-
ready at the production stage to try to reduce the load, and
the risk it poses, with the concentrations that are now in the
environment. Chemicals are needed in our society, but to
achieve environmental goals, chemical policy must be re-
formed, and innovative chemistry must be encouraged.

6. CONCLUSIONS

The revision of the health-based guideline value from
EFSA (EFSA, 2020) shows that PFAS are more dangerous
than previously estimated and that it is crucial that the risk
of long-term exposure to PFAS is minimized. Most of the
Swedish assessment bases for limit and guideline values
build on EFSA’s tolerable daily intake for PFOS from 2008
(EFSA, 2008), and these need to be updated. Today, three
PFAS in waste are regulated through the EU Regulation on
Persistent Organic Pollutants (2019/1021), and to assess
whether a waste has hazardous properties, Annex Il to Di-
rective 2008/98/EC on waste is applicable. The problems
with PFAS are receiving more and more attention, not least
in the waste industry, with the development and evaluation
of effective purification techniques.

Since it takes time to implement updates within the le-
gal system, a large responsibility is placed on the authori-
ties that assess and issue permits for water operations or
environmentally hazardous activities, including landfills.
While it is possible to regulate purification and permitted
levels of PFAS in leachate through conditions in permits for
water operations and environmentally hazardous activities
in accordance with the Swedish Environmental Code, this
opportunity is rarely used. Here, a change needs to take
place; acceptable levels of risk based on scientific knowl-
edge need to be established, and the assessment of indi-
vidual permits needs to be aligned with these requirements.

From a global perspective, international treaties and
agreements provide a framework for countries to work
together to address the environmental and health risks
associated with PFAS. However, there is a need for more
research on the global impact of PFAS contamination and
the effectiveness of international agreements, such as the
Stockholm Convention, in addressing these issues. It will
require more collaboration and learning from each other as
we move forward.
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T All environmentally hazardous activities that require a permit in accor-
dance with Ch. 9 of the Swedish Environmental Code must submit an en-
vironmental report every year to the Swedish County Administrative Board.
Environmental reporting aims to monitor and follow up on businesses ad-
herence to the conditions specified in their applicable permit, as well as
enable them to enhance their environmental work (Swedish Environmental
Code, Ch. 26 Para. 20).

2 Swedish database with a manager’s guide on contaminated areas. Every-
thing from modern landfills in operation to smaller, closed landfills is regis-
tered. EBH-portal is operated by the Swedish County Administrative Boards.
https://www.ebhportalen.se/.

3 As an example, in 2013, among the world’s highest levels of PFAS were
measured in people in Kallinge, Sweden. The highest level was 1800 ng/
ml, the lowest level was 91 ng/ml, and the average level was about 600 ng/
ml. A “normal” person can have about 10 ng/ml of PFAS in the body (Case
T 486-23).

4 A collaboration between county administrative boards, the Swedish En-
vironmental Protection Agency, the Swedish Board of Agriculture, and the
Swedish Agency for Marine and Water Management. The goal of the coa-
lition is to increase consensus between the different county administrative
boards and thereby create a more uniform exercise of authority through su-
pervisory guidance, supervision, and assessments in the area of Swedish
environmental law.

5 SEPA's regulation is designed in accordance with the Landfill Directive
(Council Directive 1999/31/EC of 26 April 1999 on the Landfill of Waste) and
the Council Decision of 19 December 2002 on procedures for the reception
of waste at landfills in accordance with Article 16 and Annex Il to Directive
1999/31/EC. The directive is a minimum directive, and the established ac-
ceptance criteria are not exhaustive.

% Revaq is a certification system that aims to improve the quality of plant
nutrients from sludge by reducing the flow of hazardous substances to sew-
age treatment plants.

71n Revaq's manual, the reporting limit for PFOS to be investigated and eval-
uated in leachate is set at 5 ng/L. The assessment system is based on how
leachate affects the sludge quality and its risk of negative effects on health
and the environment. In sludge, PFOS is set at a low risk level of 0.12 mg/kg
dry substance (Allmyr and Sternbeck, 2017:8 and 12).

8 Sweden is divided into five different water districts, based on the borders
of the major sea basins and catchment areas, and in each district, the gov-
ernment has appointed one of the County Administrative Boards to act as
water district authority. https://www.vattenmyndigheterna.se/om-vatten-
myndigheterna.html (accessed 2023-06-02).

9 Swe: Svenska kréftor kan stoppas — for hoga halter Pfas. Title on Swed-
ish TV4 on September 22, 2022. https://www.tv4.se/artikel/67sfKIVFP6Uy-
Y6rougMxSj/svenska-kraeftor-stoppas-foer-hoega-halter-miljoegift (ac-
cessed 2023-06-22).

10 Swe: Ny forskning: 43 sorter PFAS i vanligt toalettpapper. Title in Today’s
PS Life Science (Swe: Dagens PS Life Science) on March 17, 2023. https://
www.dagensps.se/life-science/ny-forskning-43-sorter-pfas-i-vanligt-
toalettpapper/ (accessed 2023-06-22).
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ABSTRACT

For a well-functioning circular economy, recovered materials with a specific purpose,
that have a market, and meet the legal requirements for both products and the en-
vironment should have a product status. However, at EU level, EoOW has only been
established for certain metals and cullet glass, and implementation at national level
has slowed down. One potential solution is tacit EoW, supported in our opinion by
articles 6(1) and 6(4) of the Waste Framework Directive (WFD), which can be under-
stood as placing responsibility on economy operators with possible oversight by au-
thorities. Such an interpretation is not currently accepted by the authorities in most
European countries, where a formal “case by case” authorization is at least required.
This position paper examines the status of various waste streams in the EU and il-
lustrates that tacit EoW is already widely used (1 billion of tonnes?) in regulation and
waste management practices. This includes: Reuse of material as a product after
preparation (level 2 of the waste hierarchy); Recycling of materials (level 3 of the
waste hierarchy) to produce new products; Recycling in environmental applications,
such as fertilisers, soil conditioners, and growing substrates, as well as road base-
ment and backfilling operations; Energy production from various biomass and wood
waste categories. Granting tacit product status consistent with level 3 of the waste
hierarchy to other materials processed by certified industrial facilities would benefit
the circular economy. Ten materials ranked by the EU Joint Research Centre could

1. THE IMPLEMENTATION OF THE END-OF-
WASTE PROCEDURE

The advantages of EoW status are greater use of
recycled materials in products (with certified quality) and
therefore less new consumption (energy, raw materials, oil,
water, etc.) and fewer emissions (waste, CO,, used water
...) while increasing EU’s strategic autonomy.

Not only the recycling industry asks for that status
but also the producers. To reflect the whole value chain
perspective, in a document “No time to waste: EU-wide end-
of-waste criteria for recycled rubber from tyres” (EuRIC and
ETRMA 2022), it is stated that “Today, rubber circularity
from end-of-life tyres (ELT) is at stake, and the tyre value
chain (from producers to recyclers) is ready for taking this
step at EU level right now.” (Figure 1).

The Waste Framework Directive of 2008 revised in
2018 (EU 2018) defines criteria for end-of-waste status:
existence of commonly used specific applications,
existence of a market or a demand, fulfilment of technical
requirements for the specific applications (meeting existing
legislation and standards applicable to the products the

immediately benefit of tacit EoOW.

waste streams substitute), and the absence of any overall
adverse environmental or human health impacts in the
intended use.

According to many authors, the process of regulatory
EoW has halted or at least slowed down since 2016. A
review is presented in (Hennebert et al., 2024a), and the
reasons are: “... excessive slowness, excessive precautionary
principle, a part of arbitrary commission “expert” judgment
who’s some can be opposed to, delegation to local
authorities that have not always the expertise, single waste
by single waste approach with individual (small business)
demanders that have not always the resources for best
quality dossiers”.

Twenty-seven years ago, before the Waste Framework
Directive of 2008, the need for inclusion of resource in the
definition of waste was already stressed (Bontoux and
Leone, 1997; Pongracz and Pohjola, 1997). The experts
of EU Joint Research Centre (JRC) proposed a distinction
between waste and non-waste (Bontoux and Leone, 1997).
The JRC provides independent, evidence-based knowledge
and science, supporting EU policies to positively impact
society (EC, 2024). The JRC did many propositions since
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Key benefits of EU-wide EoW for recycled rubber from tyres
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FIGURE 1: Key benefits of EU-wide end-of-waste for recycled rubber from tyres (European Recycling Industries’ Confederation - EuRIC and

European Tyre & Rubber Manufacturers Association - ETRMA 2022).

1997. In a report on end-of-waste criteria for waste paper:
“The Directive introduces the possibility that certain waste
streams having undergone a recovery operation and fulfilling
certain criteria — so-called End-of-waste criteria — can cease
to be waste. “(Villanueva and Eder, 2011). In a report on
end-of-waste criteria for biodegradable waste subjected to
biological treatment (compost & digestate): “The purpose
of end-of-waste criteria is to avoid confusion about the
waste definition and to clarify when certain waste that has
undergone recovery ceases to be waste. Recycling should
be supported by creating legal certainty and an equal level
playing field and by removing unnecessary administrative
burdens.” (Saveyn and Eder, 2013). These suggestions
have been included as unsaid end-of-waste in the Fertiliser
Regulation 1009/2019/EU (EU 2019). In a report on end-
of-waste criteria for waste plastic for conversion: “The
purpose of end-of-waste criteria is to avoid confusion about
the waste definition and to clarify when certain waste that
has undergone recovery ceases to be waste. Recycling
should be supported by creating legal certainty and an equal
level playing field compared to virgin material production,
and by removing unnecessary administrative burdens.
The end-of-waste criteria are defined as to provide a high
level of environmental protection and an environmental
and economic benefit to the recycling chain of the material
under study.” (Villanueva and Eder, 2014). In a report of JRC
of 2022 ranking priority of different waste streams for EoW
status, “This study supports the implementation of both the
Circular Economy Action Plan and the Waste Framework
Directive by identifying a list of priority waste or by-product
streams (scoping) and deriving the most suitable candidate
streams for which to develop further EU-wide end-of-waste
or by-product criteria.” (Orveillon et al., 2022).

On the other hand, a more liberal approach, rooted in
responsibility, self-regulation, and a risk-based strategy,
encourages reuse and recycling (Hennebert et al,
2024a). Striking the right balance between a centralized
precautionary stance (“The administration rejects due to

potential hazards to people and the environment...") and
a decentralized approach that promotes industry-led, risk-
conscious solutions for reuse or specific applications in
secondary materials is a pressing question. In a report for
the European Commission (EC, 2020), the German Federal
Environment Agency and ARCADIS Belgium proposed that
the economic operators take the responsibility of the end-
of-waste status, without prior approval by the authorities,
and with ex-post control if necessary: “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).

Different solutions to circumvent/solve the halting of
EoW were proposed: “non-waste”, “waste use potential”,
“certified material’, “non-waste product’, “secondary raw
material”, “premat” (synthesis in Hennebert et al. 2024a).
In any case, creating a third category between waste and
product is legally and practically unfeasible. The best
option seems to move from waste to product status by a
“tacit” end-of-waste procedure.

A more demanding solution can be considered: “We
argue that in a longer-term perspective the aim should
be to erase the border between waste and chemicals
regulation and create a single regime for the regulation of
materials and their flow” (Alaranta and Turunen, 2021).
However, simultaneously advocate additional transitional
precautionary measures, without any specific arguments
of effective circulation of toxic substances. Matter
beneficiating of EoW procedure are products (articles
or preparation and substances). The product regulation
is continuously updated and more stringent. In name
of potential hazard and risk (probability or frequency of
exposure and damage of a target by hazardous substances
in the intended use), the authors are in effect jeopardising
their “longer term perspective”.

Recycled materials fulfil specifications (under the
responsibility of the producer) to be sold. These materials
actually become products when used by the buyer.
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Examples are old papers, metal scraps, garden and hedges
materials. This procedure happens without ex-ante control
or administrative authorization. It is in fact a tacit EoW
procedure.

The objective of this position paper is to show that tacit
EoW is in fact already very widespread for hundreds of
millions of tonnes of materials in the EU. To demonstrate
this, it is necessary to broaden the scope and include
combustibles, fertilizers, road foundations materials,
contaminated soils, technosols, even fumes and treated
water. The whole image then becomes obvious and the
horrible notion of waste destined to be landfilled (far from
consumers) weakens. The main point of this paper is that
hundreds of millions of tonnes of materials are managed
by specific regulations equivalent to EOW or by unsaid tacit
EoW. It should be understood and recognised as such and
applied to other resources streams.

The interpretation that articles 6(1) and 6(4) of the
Waste Framework Directive (WFD) can be understood as
placing responsibility on economy operators with possible
oversight by authorities is not currently accepted by the
authorities in most European countries, where a formal
“case by case” authorization is at least required. For the
proposed interpretation to become generally accepted,
a modification of the WFD or clear Guidelines from the
Commission should be necessary.

2. WHAT SHOULD BE THE TACIT EOW PRO-
CEDURE?

The law “for the green industry” in France in 2023
(FR 2023) gives to the products of production facilities
made from waste an end-of-waste status (with the same
conditions as in the Waste Framework Directive) without
prior approval by the administration, that can ex-post
control their actions, including on requirement of NGOs or
industries.

The proposition of the German Federal Environment
Agency and ARCADIS Belgium (EC, 2020) and the French law
are 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 in 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. In
our opinion, ex-post decision making would fall under the
category of appropriate measures of articles 6(1) and 6(4).
This is not the present legal situation as explained above.

The European Recycling Industries’ Confederation
(EURIC) pledge for a tacit end-of-waste status of recycled
matter at the exit of certified industrial facilities (EuRIC
2019, 2020, 2022, 2023, Hennebert et al., 2024a).

This question is open to discussion since 2017 during
the consultation on Chemical, Product, Waste interface
(EC, 2017). The European Consumer Organisation BEUC
pledge for an active monitoring and control: “We call on the
Commission, in cooperation with Member States, to ensure
that only safe recycled materials of known quality is placed
on the market. ... For this reason, robust end-of-waste criteria
that strike the right balance between encouraging recycling
and avoiding re-injecting hazardous substances into the
economy are required” (BEUC, 2017).

The tacit EoOW should apply at EU level: “The difference
in national EoW criteria imposes unequal costs on [end-
of-life tyres] ELT recyclers, depending on the testing
requirements of the national criteria. Some countries have
more stringent requirements for chemical testing of batches
whereas others do not. The lack of alignment and absence
of EoW criteria in some Member States also leads to issues
with exports from the EU: those Members States with ELT
EoW criteria are able to export ELT as a product without the
need to comply with waste shipment regulations and hence
have a competitive advantage.” (EuRIC and ETRMA, 2022).

2.1 The case of hazardous waste

Removing waste status results in fewer administrative
constraints, particularly for hazardous waste, which must
be closely controlled. Hazardous means for waste that the
limits of one or more of the 15 hazard properties HP 1 to
HP 15 and the POP concentration are exceeded (summary
in Hennebert, 2019). With a calculation method close
to the one of products, 50% of the hazardous waste are
hazardous by ecotoxicity HP 14 ‘Ecotoxic’ and 20% are
toxic for humans HP 6 ‘Acute toxic’ (Hennebert et al., 2016).

Non-hazardous waste is neither explosive nor oxidizing
nor combustible (test of flame propagation speed) nor
toxic for humans nor ecotoxic nor POP. It therefore does
not present any risk whatever the use. Whether non-
hazardous materials leaving recycling facilities circulate
under waste status or under product status is ultimately
only of administrative importance.

Hazardous waste must be used only for defined
purposes so that the risk(s) for humans and the
environment are acceptable. These hazardous materials
leaving the recycling facilities will circulate under publicly
tightly controlled waste status (including the waste
tracking slip). In the event of end-of-waste status, these
materials will circulate under the more self-controlled
status of product. It is therefore logical and necessary
that the EoW declarations or authorisations for hazardous
waste are more subject to control by the administration,
as provided for by the law “for green industry” in France in
2023 (FR 2023).

3. TACIT EOW FOR DIFFERENT CASES OF
REUSE AND RECYCLING

This section presents different cases of reuse and
recycling, and the tacit status of associated waste. The
different cases are presented at Figure 2.

In the WFD,"“material recovery” means any recovery
operation, other than energy recovery and the reprocessing
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End-of-waste cases: Situation and Propositions

Reuse as products (after preparation, reparation, cleaning, decontamination...)

Tacit EoOW?

/= should have

Done
¢ Compliance with product specifications (including migration rate)
e Recycling up to product
i . L i i L Done
¢ Compliance with product specifications (including migration rate)
S Recycling as material for products not in contact with the environment —
v
¢ Compliance with product specifications (including migration rate); EU level: metals,, glass or National level
e Recycling as industrial product in contact with the environment —
 Construction material, granular solids: compliance with Regulation 305/2011 including release of substances (CEN v
TC 351, recent methods). Also used: compliance with acceptance of inert waste landfill
e Recycling in the environment as — ]
o Fertilisers, soil improver, growing medium, biowaste-derived compost, digestate: compliance with Regulation Done
1009/2019/EU with nutrient content and environmental standards (metals, microbiology)
 Backfilling: non-hazardous waste (non ecotoxic — Waste Framework Directive 2008/98/EC revised 2018), and in Done
practice compliance with acceptance of inert waste landfill v
» Treated NH contaminated soils (Immobilisation of elements and destruction of organics): as « Backfilling » ? N
¢ Created NH soils or substitute of vegetated topsoil (technosols): proposed as « Backfilling » + biological assessment
¢ Waste waters after treatment (out of scope of the EU Waste Framework Directive) Done
¢ Fumes and gaseous effluents emitted into the atmosphere after treatment (idem) Done

FIGURE 2: Different cases of reuse and recycling, and the tacit status of associated waste (NH = non-hazardous).

into materials that are to be used as fuels or other means
to generate energy. It includes, inter alia, preparing for re-
use, recycling and backfilling” and ““backfilling” means any
recovery operation where suitable non-hazardous waste
is used for purposes of reclamation in excavated areas or
for engineering purposes in landscaping. Waste used for
backfilling must substitute non-waste materials, be suitable
for the aforementioned purposes, and be limited to the
amount strictly necessary to achieve those purposes”. So,
material recovery includes preparation for re-use, recycling,
backfilling and other operations excepted fuel or energy
production.

3.1 Case of re-use as product after preparation

For objects or materials that are reused (eventually after
cleaning - e.g. textile or after industrial decontamination —
e.g. active coal), the compliance with the specifications of
the corresponding product is fulfilled. It is in fact a tacit
end-of-waste procedure.

3.2 Case of recycling up to products

This case is the recycling (separate collecting, sorting,
cleaning, eventual first transformation) of material from
waste as raw material for new product. It is similar to 3.1.

3.3 Case of recycling as material for products not in
contact with the environment

For “waste” (resources) that are recycled into
industrial or consumer product not in contact with the
environment, the compliance with the specifications of
the corresponding product will be achieved and is legally
sufficient. Due to legislation on products and protection
of environment and human health, the products normally

have no adverse effects on health or the environment
under their recommended use. These wastes can be
hazardous in the sense of the waste hazard classification.
The intended use will limit the exposure and hence the risk.
For example, for plastics and textile fibres, some additives
make the plastic hazardous when they are used at their
functional concentrations. From 233 additives, it has been
found that 63 additives at their functional concentration (=
27% of 233) make plastic hazardous (Hennebert, 2023).
Substitutes are most of the time available. The principle
of essential use (use only when no alternative is available)
should be promoted. Specific methods and tests for each
material and each use have been developed. For instance,
the migration rate is defined in product regulations.

For end-of-waste criteria, compliance with the
specifications of the corresponding product is legally
sufficient. The products normally have no adverse effects
on health or the environment under their recommended
use. It could be not necessary to develop specific methods
and tests. For products not in contact with the environment,
specifications elaborated by the producers are available
and the recycler “only” has to comply. Consequently,
tacit EoW status should be granted for materials sold at
the output of certified recycling facilities (EuRIC, 2023;
Hennebert et al., 2024a).

3.4 Case of recycling as product in contact with the
environment

Arisk assessment on end-of-waste criteria is justified in
the event of use in contact with the environment. There are
already, for example, specifications for building materials
in Regulation 305/2011 (EU 2011), developed in CEN TC
351 (Construction products: Assessment of release of
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dangerous substances). The concentration limits in solid
and leachate used for acceptance into inert waste landfill,
without any impermeable barrier (Decision 2003/33/EC,
EC 2003) are widely used for different materials in contact
with the environment. A leachate means in this context the
initially deionised water that has passed through a column
of material (percolation test) or that has been in contact
with the material (batch leaching test), that is filtered, and
analysed.

How were obtained the leachate concentrations used
for acceptance into inert waste landfill (EC 2003)? The
method includes an integrated model of emission of
elements and some compounds by waste, the vertical
transport of these contaminants through the unsaturated
soil layer by vertically draining water and their interaction
with that soil. This is followed by mixing and horizontal
transport and adsorption/desorption within the saturated
zone by horizontally moving ground water (Hjelmar et al.,
2001; Hjelmar, 2012; Hennebert, 2022). The principle is that
from the release of contaminants in leachate from a waste
(by column percolation tests), the expected concentration
at the point of compliance can be assessed. Using the
target concentration of elements and substances in
the groundwater, the corresponding maximum leaching
concentration of elements and substances from waste
can then be calculated by “reverse modelling”. The target
concentrations in the groundwater are typically the ones for
water that can be made drinkable or the ones of drinking
water of the World Health Organization or of the EU. Itis arisk
approach: the maximum leachable concentration derived
fromreactive transport reverse modelling from waste, based
on published parameters for modelling. That method was
used for the case of mercury in non-sulphidic mine tailings
andwas successfully proposedtothe COP4 of the Minamata
Convention ‘Make mercury history’ (Hennebert, 2022).

Demonstrating that a recycled material in contact
with the environment does not harm the environment (a
condition for EOW status) is in many cases much more
demanding than simple control that the specifications
of a product are met. It's a logical scientific question:
demonstrating no action(s) requires more data than
demonstrating an action. If no action is taken, all cases
of cause and effect must be documented. For a specific
action, fewer cases need to be studied. Long-term studies
(years) are sometimes necessary and fully justified to
assess that the use is not harmful.

3.5 Case of material recovery in the environment as
beneficial substances for soils, backfilling, treated
contaminated soils and sediments, technosols

The biowaste-derived compost, and methane digestate
benefit of a tacit EoW, after an exhaustive study by the JRC,
if they comply with Regulation 1009/2019/EU (EU 2019)
with nutrient content and environmental standards (metals,
microbiology), together with the (primary) fertilisers, soil
improver and growing medium. The backfilling (Waste
Framework Directive 2008/98/EC revised 2018) as
recovery operation of non-hazardous waste is allowed
since 2018 and in practice is a case of EoW status. Most of

the time, compliance is verified with acceptance into inert
waste landfill (EC 2003).

The treated non-hazardous contaminated soils and
sediments (immobilisation of (eco)toxic elements and
destruction of (eco)toxic organics), and the man-made
non-hazardous soils or substitute of vegetated topsoil
(technosols) could be treated as backfilling.

A clear EU framework for the evaluation of the biological
functionality of these soils and sediments is lacking.
How to assess the biological impact of the intended
use in natural environment? And what is the acceptable
concentration of elements in the leachate or the effect in a
laboratory biotest? Some authors of biotests de facto look
for a zero effect whatever the dose. When wastes are used
in soil as an amendment, conditioner or fertilizer, it must be
recognized that the relevant concentrations in the leachate
or effects in biotests at agronomic rates are not the zero
concentration or effect, but rather the concentrations
or an effect comparable to those of agronomic rates of
amendments or fertilizers used in agriculture for a long
time. For example, clean wood ash at high levels will be
phytotoxic initself due to alkalinity, but at the recommended
dose of +1 litre/m? (0.25 kg/m?) it is a sustainable source
of alkalinity, potassium and phosphorus.

Another point is that it is important to promote the
recycling of N, P, K, Ca, Mg, S and trace nutrients Fe, B, Mn,
Zn, Cu, Mo, Ni, etc. from waste, taking into account the
entire life cycle of industrial waste production. For N, P, K,
the offsets are oil or natural gas consumption, extraction
of phosphate rock and attack with sulfuric acid, with
some African ores too rich in cadmium, mining kainite
and sylvinite and purification with enormous piles of NaCl
salinizing for instance the Rhine valley in Alsace (FR) on
the one hand, and the harms of non-cycling on the other
hand: either incineration/combustion (energy for drying,
air pollution control residues and ashes to be landfilled,
unlimited legacy of landfills for the next generations), or
direct landfill (methane emission, space consumption,
illimited legacy). Life cycle analyses are the best method to
consider the global advantages and disadvantages.

The fate of wastewater and gaseous effluents, which do
not have waste status in the WFD, but which are released
into the environment after treatment and in compliance
with concentration and flow limits, is a sort of tacit status
of EoW.

3.6 Summary of EoW cases
The different cases are sketched in Figure 2.

4. TACIT EOW STATUS FOR NON-HAZARD-
OUS MATERIAL IN CONTACT WITH THE
ENVIRONMENT: THE CASE OF MSWI BOT-
TOM ASHES FOR ROAD FOUNDATIONS IN
FRANCE SINCE 1994, AND 5 OTHER MINERAL
NON-HAZARDOUS MATERIALS IN FRANCE
The French Circular of 1994 relating to the elimination

of incineration bottom ash of municipal solid waste
incinerator (MSWI) from urban waste defined the

P. Hennebert / DETRITUS / Volume 27 - 2024 / pages 89-98

93



conditions to valorise the bottom ashes in road, parking
and construction basements. It can be assessed with the
EU 2018 criteria for EoOW status (Hennebert, 2024b). The
Circular anticipated the four conditions for EoW:

a) Specific purpose
i. The Circular defines the uses as road, parking or
construction basement

b) Existence of a market or demand
i. Evidence at the time of the Circular. In 2020 in France,
2.4 Mt/year were maturated and valorised (from 13
Mt/y of municipal solid waste generating 2.7 Mt/y
bottom ashes) (ADEME, 2022)

c) Fulfilling of technical requirement
i. Three categories of BA are defined in the Circular:
recoverable, maturable and storable, depending on
regular analyses, by a tier or by the operator, with
leaching concentration limits for classification.
Recommendations are formulated for initial
characterisation and for periodic sampling. The report
on the initial characterisation must be communicated
to the Inspection of classified installations. The
environmental assessment was later completed with
geochemical modelling (Bellenfant and Guyonnet,
2009) and percolation tests and lysimeters studies
(CEREMA, 2015).
ii. Maturation platforms are installations classified for
environmental protection. The BA must be recoverable
after a maximum of 12 months, otherwise it is landfilled
in landfills for non-hazardous waste. Traceability of the
different batches in the platform is mandatory.
iii. A quality protocol is recommended. If it exists, it
should be transmitted to the Inspection of classified
installations.

d) Absence on adverse effects in the intended use
i. Intended use with a protective layer, in controlled
conditions, not in the perimeter of production of drinking
water, at least 30 m away from any watercourse and at
an altitude 1 m higher than the highest known level of
waters in the area.
ii. The analytical methods (leaching in 3 times 10
litre/kg, the French leaching test at that time) and the
concentration limits were defined in the Circular to
minimise emissions and transfer to groundwater.

As the Circular requests that the producer samples
and analyses by himself or by tier independent laboratory:
“It is not the responsibility of the inspection of classified
installations to certify the quality of the bottom ash
produced by an installation. It is up to the operator to be able
to demonstrate to users of the bottom ash it produces that
the recovery conditions set by this text and the authorisation
order which governs the operation of its installation are
respected”, it was the first legal document establishing de
facto a tacit end-of-waste procedure.

That tacit EOW was reinforced in 2011 by a Guidance
document of a public technical institute aligning with the
Decision 2003/33/EC on landfill acceptance criteria for
inert waste (CEREMA, 2011), with a tiered approach of
European batch leaching test, percolation test (CEREMA,

2011), completed in 2015 for the level 3 of environmental
characterisation with lysimetric tests and experimental plots
(CEREMA, 2015) and updated in 2023 (CEREMA, 2023).

That method was applied in dedicated guidance on steel
slags (CEREMA, 2012a), bottom ash from non-hazardous
waste incineration (CEREMA, 2012b, an update of the 1994
Circular), on deconstruction materials from building and
public works (CEREMA, 2016), on foundry sands (CEREMA,
2019a) and ashes from pulverized coal-fired power plants
(CEREMA, 2019b). That institute also managed research
and development works on the valorisation of marine and
land sediments in public works and concrete.

For total mineral non-hazardous waste, in 2020 in
France, 130 Mt were recycled (backfilling non included), as
road basements or granulates for non-structural concrete.
These tacit end-of-of-waste procedures have contributed
to that result. That fact illustrates that EU-wide tacit end-of-
waste status should be granted for the materials supplied
by certified industrial recycling facilities.

5. TACIT EOW AND SPECIFIC COMBUSTION
REGIME FOR COMBUSTIBLES

The use of waste for thermal energy is particular since
it involves products and waste: agricultural and forestry
products are also used for this purpose, and the energy
recovery of waste in principle only concerns waste that are
not recyclable as material (level 4 of waste hierarchy).

The combustibles (solid, liquid, gaseous) include
(seeTable 1):

+  products,
waste with effectively tacit (unspoken) EoW,
waste without EoOW (in France) but with a special com-
bustion regime (Solid Recovered Fuel also named Re-
fuse Derived Fuel),
non-hazardous and municipal waste excluded from
EoW status, and
hazardous waste excluded from EoW status.

The categories of biomass that are waste (EU, 2015),
namely vegetable waste of agriculture and forestry, of food
processing industry, of paper production, of cork, and wood
waste without halogenated organic substances and heavy
metals, benefit of tacit EOW status.

Non-recyclable refuse-derived combustibles (that are
waste) have a specific category of facilities in France,
distinct from that of waste incinerators, which is in fact
a kind of escape of waste status by the valorisation
operation.

Other gaseous, liquid or solid waste intended for use
as combustible may have EoW status in France. The
assessment of their environmental and health impact,
depending on the composition of the waste, the combustion
equipment (combustion performance, air pollution control)
and the composition of the smoke must be done according
to guidance (Collet and Partaix, 2021). The concentration
limits in flue gases mainly come from (EU, 2015). This
highlight that in real life there is a continuum between
waste and products and that tacit EOW exists because it is
an essential link of this continuum.
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TABLE 1: The waste used as combustible have already in some cases tacit end-of-waste status: matter, regulatory regime for combustion

or incineration and tacit end-of-waste status in France (NH = non-hazardous, H = hazardous).

Matter Characteristics Product or NH or H? Combust]on or Possibility of
waste ? Incineration? EoW?
Biomass Vegetable products of agriculture or forestry : Product NH Combustion Already Products
Vegetable waste of agriculture and forestry, i Waste NH Combustion Yes, Tacit
of food processing industry, of paper pro-
duction, of cork
Wood waste (without halogenated organic Waste NH Combustion Yes, Tacit
substances and heavy metals)
Refuse-derived Prepared mixture of non-recyclable plastics, : Waste NH Combustion with  : No but specific
combustible (“solid paper, cardboard, wood and organic matter. specific regime Combustion
recovered fuel”) regime
Gaseous, liquid or Organic waste, non-hazardous or hazardous : Waste ]
solid waste to be (in particular treated wood waste for coating
used as combustible : or with halogenated organic substances and
heavy metals, wood waste from construc-
tion and demolition waste)
Municipal waste Including commercial waste, non-hazardous : Waste
Industrial waste Hazardous Waste

The production of electricity or heat or liquid fuel
(pyrolysis) or gas (gasification) from construction and
demolition (C&D) waste wood and furniture waste wood will
increase because there is not enough other primary wood
for the EU flexible energy transition. Will these installations
fall in the incineration regime (in case of waste status for
wood) or in the combustion regime (with tacit or explicit
EoW status for wood)? Investment and social acceptance
are easier with product status.

6. THE TACIT EOW SHOULD BE GRANTED
FOR ANY PREPARATION FOR REUSE AND
RECYCLING OF MATERIALS IN CERTIFIED
INDUSTRIAL LOOPS

6.1 EoW and the waste hierarchy

The product status by tacit EOW procedure is a logical
consequence of recovery (Figure 3).

The material supplied by certified industrial recycling
facilities should have EU-wide tacit end-of-waste status,
because compliance is achieved. For the last level of the
waste hierarchy, the term “sustainable landfill” should only
be used for impermeable and non-self-reactive monostock
for future recovery and EoW.

6.2 Waste streams that could immediately benefit of
tacit end-of-waste status

The Joint Research Centre of the EU has ranked plastics,
textiles, rubber (from end-of-life tyres), mineral fraction of
construction and demolition wastes, paper and cardboard
for priority to develop end-of-waste criteria at EU level
(Orveillon et al., 2022). In total 12 wastes in 5 groups were
top-ranked from about 70 candidates in 11 groups (Figure
4). Using the categorisation presented here (section 3), for
these 12 wastes:

10 wastes will not be used in contact with the environ-
ment: 5 plastics, 3 textiles, paper and carboard, and
mineral wool,

2 wastes will be used in contact with the environment:
rubber (for outdoor uses) and aggregates (for construc-
tion).

For the 10 wastes not used in contact with the
environment, the technical or commercial specifications
mandatory for commerce are already available, and
the registration of material with sameness in REACH is
probably available. Tacit EOW could be immediate.

For the 2 wastes used in contact with the environment,
an in-depth dossier to verify the impact on the environment
is compulsory. For rubber, the dossier is available (EuRIC
and ERTMA, 2021). For aggregates, many propositions with
tests and limit values have been available for 15 years (JRC,
2009; Delgado et al., 2009; Saveyn et al., 2014; Tecnalia,
2021). The potentially moving elements from the waste to
the environment are the leachable ones and the leachate
concentration limits developed for inert waste landfill
acceptance (see 3.4), eventually with some adaptations,
are available and should be used since they are included in
the EU landfill acceptance decision (EC, 2003).

7. CONCLUSIONS

The end-of-waste status is a consequence of the
material recovery operations. The legal classification of
discarded materials should be determined by their place
in the waste management hierarchy. The wastes that are
reused or recycled in certified industrial facilities should
benefit of a product status by a tacit EOW procedure. This
paper demonstrates that it already is the case for many
wastes. The definition of waste should be narrowed down
(Johannson, 2023)toexcludethemattersthatareresources.

A wide range of waste is already ranked by the Joint
Research Centre of the EU for potential EoW (Orveillon et
al., 2022), and particularly 10 ranked in the first five groups,
not used in contact with the environment. The technical or
commercial specifications mandatory for commerce of
these 10 wastes are already available, and the registration
of material with sameness in REACH is probably available.
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EU Hierarchy of waste prevention, management and policy:
Fate of matter

Matter

Material recycling (into
raw material), Backfilling

Energy recovery

Disposal

Prevention

The hierarchy of waste
management and the
proposed tacit end-of-
waste procedure for
material recovery by
certified industrial
recycling installations

Sl

FIGURE 3: The relation between the waste hierarchy and the tacit end-of-waste procedure.

Figure A: List of priority streams grouped per category, and ranked based on their overall potential, according to the

scoring system and data used for the present study

Waste/by-product categories and priority streams:

Overall potential

v

1 - Plastics:
Polyethylene terephthalate (from plastic waste) 63
Low- and high-density polyethylene (from plastic waste) 60
Mixed plastics (from plastic waste) 57
Polystyrene and expanded polystyrene (from plastic waste) 57
Polypropylene (from plastic waste) 55
2 - Textiles:
Separately collected clothes and other textiles prepared for re-use 60
Cellulosic fibres (from textile waste) 56
Mixed fibres (from textile waste) 55
5 - Rubber:
Rubber (from end-of-life tyres) 59
4 - Mineral fractions of construction and demolition waste:
Aggregates (from demolition waste) 57
Mineral wool (from demolition waste) 55
5 - Paper and cardboard:
35

Paper and cardboard waste

FIGURE 4: Priority streams of waste for EU end-of-waste criteria (Orveillon et al. 2022).

Tacit EOW could be immediate. This objective should be
achieved in a harmonized way across the EU. For each
material and each use, the four EOW conditions are met in
EuRIC affiliated companies. An end-of-waste dossier should
be made public, and the material should be registered in
REACH if necessary. The tacit status of EOW at European
level in accordance with Article 6(1) and 6(4) of the Waste
Framework Directive should then be requested to Member
States by the European Commission. Formally, this could
be a request to the European Commission to ask all
Member States that these materials produced in certified
facilities and intended for a given use cease to be waste, in

accordance with Article 6(1) of the WFD (EU 2018) which
states: “Member States shall take appropriate measures to
ensure that waste which has been the subject of a recycling
operation or another recovery operation is considered to
have ceased to be used be waste if they meet the following
conditions...".
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ABSTRACT

Household hazardous waste (HHW) refers to waste generated at the household level
that can pose a danger to public and environmental health if not managed properly.
The amount of waste, including HHW, has been increasing due to urbanisation, ris-
ing income levels, and changes in lifestyles. Unfortunately, most households are not
aware of the potential risks associated with this waste, despite the serious health
and environmental hazards it can pose. This creates a conundrum which this study
seeks to unpack. A mixed-method approach addressed this gap, including a policy
dialogue and a survey of 1,245 Greater Accra Metropolitan Area respondents. From
the findings, most respondents disposed of aerosol cans, disposable sharps, un-
used or expired medication/drugs, fluorescent tubes and bulbs, and electronic waste
as part of their household waste. Significantly, it was concerning that 68% of par-
ticipants were unaware of the potential health hazards associated with improper
disposal of HHW. Based on empirical evidence, the awareness levels were affected
by gender, education level, and occupation. To address the issue of HHW and re-
duce its harmful impact on the environment and public health, it is essential to im-
plement policies that encourage waste segregation, establish product stewardship
programs, and conduct targeted education campaigns. These actions will help raise
awareness about the significance of proper HHW disposal. Additionally, it is vital to
have a strong political will to effectively enforce legislation that supports the shift to-
wards more sustainable waste management practices, thus promoting sustainable

development.

1. INTRODUCTION

Waste is a by-product of human activities. In the past,
people conveniently and unobtrusively disposed of it in
large open land spaces, as the population density was low.
However, with rapid urbanisation, population increase,
developing living standards, and lifestyle changes, the
volume and content of waste have significantly changed,
respectively (Kaza et al., 2018). It has been estimated that
around 2 billion tonnes of solid waste are generated glob-
ally every year, and this number is expected to rise up to
3.4 billion by 2050, given the current trend. Additionally,
there has been a significant increase in the demand for
and usage of packaged products and electronics in the
last few decades (Kaza et al., 2018). These dynamics in
municipal solid waste (MSW) composition have been typi-
fied by an emerging waste stream, household hazardous
waste, which is of critical public and ecological health
concern.

Household Hazardous Waste (HHW) has been a mat-
ter of concern in developed countries since the 1980s, but
there is no universally accepted definition or list of waste
products considered as HHW. In fact, even within a single
country like the United States, the list of HHW may vary
from region to region (Wallace et al., 2018). Nevertheless,
it is generally agreed that HHW has some common charac-
teristics, including being toxic, corrosive, flammable, and
reactive. HHW is generated from domestic consumption
and includes unused, expired, or leftover consumer prod-
ucts like batteries, motor oil, brake fluid, etc. It also includes
home improvement products like paint, caulk, and air fresh-
eners, health and beauty products like hair dye, nail polish,
and bath salts, as well as household cleaning products like
stain removers, disinfectants, bleaches, shoe polish, and
furniture polish (Wessel, 2004). Other examples of HHW
are pesticides, insecticides, weedicides, fabric dyes, fluo-
rescent tubes, light bulbs, and ink cartridges (Al-Tamimi et
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al., 2018). Other examples of HHW are pesticides, insec-
ticides, weedicides, fabric dyes, fluorescent tubes, light
bulbs, and ink cartridges (Delgado et al., 2007; Edokpayi
et al,, 2017; Inglezakis & Moustakas, 2015; Kontogianni et
al., 2014).

Due to the increasing amount of waste and the emer-
gence of hazardous waste streams including HHW, the
waste management industry has become more crucial. It
is necessary to properly manage and treat MSW coming
from households, public and private areas, buildings, and
commercial establishments to prevent significant environ-
mental and public health hazards (Edokpayi et al., 2017).
Despite the inherent substantial threats, landfilling remains
the most preferred, used, and cheapest household waste
management. Indeed, almost 70% of MSW is disposed of
internationally in landfills (Delgado et al., 2007; Edokpayi
et al,, 2017; Inglezakis & Moustakas, 2015). Also, unlike
the advanced nations, many emerging economies grapple
with inadequate infrastructure and capacity to effectively
handle the increasing MSW quantities and composition
dynamics. For example, only 44% of sub-Saharan Africa’s
population can access proper MSW management services
(Oteng-Ababio, 2023).

Although HHW constitutes a relatively small fraction
(up to 3%) of MSW (UN-HABITAT, 2010), prior studies have
indicated that its mismanagement poses severe environ-
mental and public health risks. At home, expired pharma-
ceuticals, disposable sharps, home improvement products,
etc., may cause poisoning, burning and injuries to both hu-
mans and domestic animals (Ansong et al., 2016; Gutberlet
& Uddin, 2017; Roggof & Biderman, 2015). Beyond the point
of generation, waste workers face HHW-related hazards, in-
cluding fires and explosions caused by chemical reactions
in waste compaction trucks, transfer stations, shredders,
or landfills (Gutberlet & Uddin, 2017; Roggof & Biderman,
2015). HHW also poses soil, water, and air contamination
risks when improperly disposed of. Therefore, it is essen-
tial to correctly identify and assess all potential hazards to
protect against possible environmental impact (Kontogi-
anni et al., 2014).

Effective HHW management is a function of public
awareness, efficient collection, availability of the neces-
sary infrastructure, and the existence and enforcement
of the relevant laws. Table 1 presents various approaches
implemented in different regions worldwide, which may be
tailored to the context of other countries to proper HHW
management. In the USA, some states have specific HHW
laws. However, this is not the general case in Europe. Rath-
er, the European Hazardous Waste Directive (no. 91/689/
EDC) directs member countries to manage HHW along with
other industrial hazardous waste (Inglezakis & Moustakas,
2015; Mudiyanselage & Herat, 2022). South Africa’s Waste
Act of 2008 stands out as an illustration of a comprehen-
sive legislation that offered the necessary legal structure
guiding the development of the national strategy for HHW
management. Adequate public awareness of what consti-
tute HHW, relevant laws, and collection programmes pro-
mote HHW avoidance, reduction, and source separation
(Fuller et al., 2018). Investment in collection programmes
and treatment infrastructure is also crucial. Mobile or fixed

collection approaches, or a combination of both have been
adopted. In regions that have made significant strides in
HHW management, like the USA and Europe, product stew-
ardship schemes, such as Extended Producer Responsibil-
ity (EPR), have been used to finance HHW management
programmes (Cassel, 2018).

Unlike hazardous waste streams from industrial sourc-
es, HHW is not strictly regulated under any law in Ghana,
including the National Environmental Sanitation Policy
(NESP). This is largely because the amount of HHW gener-
ated in Ghana and the significance of their disposal prac-
tices are poorly understood. Generally, the amount of HHW
generated is believed to be small, so disposal risks are
negligible. However, there is a lack of reliable and clear in-
formation on their generation rates and disposal practices.
With changes in legislation, for example, in 2016, when the
Environmental Protection Agency (EPA) achieved the pas-
sage of the Hazardous and Electronic Waste Control and
Management Act (Act 917) (Republic of Ghana, 2016) and
the Legislative Instrument on Hazardous and Electronic
Waste Control and Management Regulations (LI 2250), it
has become important to acknowledge the hazardous ele-
ments contained in MSW and shift towards regulated, spe-
cialised and safe storage and handling processes through-
out the entire value chain. As concerns about chemicals in
household products increase, the potential environmental
consequences from their disposal are also becoming more
apparent, thus, giving a raison d'etre for the current study.

Furthermore, existing studies on HHW in the global
South highlight the need for data (Edokpayi et al., 2017) and
more awareness regarding HHW management (Edokpayi
et al,, 2017; Mmereki et al., 2017; Ubachukwu et al., 2014).
For instance, Ubachukwu et al. (2014) found low public
awareness of HHW dangers in Nigeria's Enugu metropo-
lis. Edokpayi et al. (2017) reported limited HHW awareness
among tertiary students in Nigeria, Kenya, and South Af-
rica, while Decharat et al. (2020) observed low to moderate
HHW awareness in Thailand’s Phatthalung province. The
issues with HHW management, like the quantities, quali-
ties, and the public’'s awareness levels, only worsen the
already existing setbacks such as policy and legislation,
limited financial resources, inadequate infrastructure and
logistics, and insufficient institutional capacity (Edokpayi
etal., 2017).

In Ghana, academic research and policy attention have
primarily focused on specific HHW streams, such as elec-
tronic (see Daum et al., 2017; Oteng-Ababio, 2010; Grant
and Oteng-Ababio, 2012; Owusu-Sekyere et al., 2022;
Owusu-Twum et al., 2022) and household medical waste
(Sasu et al., 2012; Udofia et al., 2017). Despite the fact that
households generate a diverse range of household hazard-
ous waste (HHW) items, no study has been carried out to
investigate HHW in a broader sense. This knowledge gap
is the reason behind the current work. The study aims to
address concerns related to managing HHW generated
in typical urban scenarios, using Metropolitan Accra as a
laboratory. The primary objective of this study was to iden-
tify and quantify the predominant hazardous pollutants in
MSW and develop specific profiles. To achieve this, we con-
ducted a mixed-method study to assess common HHW in
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TABLE 1: Key approaches to effective HHW management.

Intervention Country Advantages Limitations Reference
Legislation and enforcement
1. Comprehensive Waste Austria Covers the management The process of formu-

Management Act

South Africa

of all existing waste stre-
ams and those that may
emerge in the future.

lating and enacting the
comprehensive Act may
take long or may be sti-
fled by low political inte-
rest.

2. HHW Specific legislation

USA

HHW is clearly defined
or items that constitute
HHW are explicitly indi-
cated.

List or definition may vary
geographically and may
also be inexhaustive as
new products emerge.

Wallace et al. (2018);
Inglezakis and Moustakas
(2015)

Collection approaches

1. Collection events

USA, Austria, Germany, Swe-
den, Denmark

Special days dedicated
or events for community-
based HHW collection.

Limited number of collec-
tion times per year.

Fuller et al. (2018)

2. HHW collection facilities

USA, France, Hungary, Italy,
UK, Spain

Collection throughout the
year.

May be co-located with
MSW facilities, municipal
parks, or fire stations.

May require significant in-
frastructural investment.
Long distances to drop-
off points may discoura-
ge public patronage of
services.

Nightingale and Lewry
(2018); Mudiyanselage and
Herat (2022)

3. Kerbside and door-to-
door (DTD) collection

Higher service patronage
due to convenience to the
public.

DTD offers equitable ser-
vice access, especially
for the disabled and ho-
mebound customers.

Relatively higher per-unit
cost.

Unreliable pick-up servi-
ces will disincentivise the
public from participating.

Quinn and Brunning (2018)

4. Retail collection

USA, Japan, Germany,

HHW are retrieved from

Both retailers and consu-

Mudiyanselage and Herat

Switzerland consumers through the mers may require finan- i (2022)
same channel the pro- cial incentives to partici-
ducts were purchased. pate.
Financing mechanisms
1. Extended Producer USA, Effective EPR program- Requires strong coordi- : Fuller et al. (2018); Cassel
Responsibility Europe mes shape product de- nation and collaboration : (2018)
sign and also finance between government
separate HHW collection agencies and industry
and treatment. stakeholders.
2. Taxation Excise tax on household
hazardous products to
minimise consumption.
Social marketing
Public education and sen- USA, Europe Foster change in consu- May not vyield the in- : Fulleretal. (2018)

sitisation

mer behaviour and moti-
vate source segregation
and participation in HHW
collections.

May be combined with
collection programs.

tended outcome if the
relevant laws are not
enforced and collection
programmes are not well
implemented.

and around the study area and investigate domestic man-
agement practices. Firstly, a policy dialogue was used to
understand the current state of HHW management from
key stakeholders’ viewpoint in Ghana. Subsequently, a con-
cise review of the relevant policies and legislation was un-
dertaken. Following this, we conducted a survey to assess
the public’s understanding and perspective on the matter.
The findings were then triangulated and discussed. The
findings of this study could be useful in deciding appropri-
ate waste disposal methods and modifying existing ones.
We will explore the research methodology and residents’
understanding of HHW. Ultimately, our aim is to provide
recommendations for a smoother transition towards sus-
tainable environmental management.

2. MATERIALS AND METHODS
2.1 Context of the study area

Accra, Ghana'’s capital, has expanded spatially since its
inception in the late 1870s. The city is located within the
Greater Accra Metropolitan Area (GAMA), among the fast-
growing urban conurbations in Sub-Saharan Africa (UN-
HABITAT, 2009). The region comprises 29 self-governing
districts (GSS, 2021) and covers 1,079 km? (see Figure 1).
While immigration to the city area certainly contributes to
its growth and expansion, residential mobility from more
central locations to the urban fringes and natural popula-
tion growth are equally important. According to recent esti-
mates from the Ghana Statistical Service, GAMA contained
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a population of approximately 4.6 million (2016) (Akubia &
Bruns, 2019).

The GAMA region, with a population of almost 4.9 mil-
lion, has become a functional area. It has strong territorial
connections with surrounding communities and is a signifi-
cant socio-political and economic hub, with territorial solid
waste linkages with adjoining areas. The region is divided
into three residential classes based on income, namely low,
medium, and high-income zones reflecting varying levels of
neighbourhood planning, densification, and infrastructural
development (Songsore et al., 2009; Songsore & McGrana-
han, 1993). These areas have unique waste management
systems that can be classified as formal or informal. The
formal sector typically uses advanced vehicles, while infor-
mal players commonly rely on motorized tricycles, which
can easily navigate through communities with poor road
access. However, studies indicate that even in well-planned
neighbourhoods, the services provided by waste manage-
ment companies may be perceived as unreliable, leading
to the growth of the informal sector in recent years. (Deku,
2017; Sarfo-Mensah et al., 2019). GAMA is estimated to
produce 1.3 million tonnes of MSW annually, with a per
capita production rate of 0.74 kg (Miezah et al., 2015) and
a current waste collection rate of about 70% (Oteng-Aba-
bio, 2023).

2.2 Data collection and analysis

To gain a better understanding of HHW awareness and
management, we took an exploratory, sequential, mixed-
method approach described by Creswell and Clark (2017).
This method employs qualitative research to explore a
topic and utilises the results to develop an instrument for
subsequent quantitative research. As shown in Figure 2,

our first step was to hold a policy dialogue with various
stakeholders. Nineteen participants, including five officials
from waste management (collection, processing, and dis-
posal) companies, three representatives from the informal
waste sector (including the president of the main infor-
mal waste collectors association and two e-waste work-
ers), three waste sector academics (from the University
of Ghana and Kwame Nkrumah University of Science and
Technology), two environmental legal professionals, one
waste management consultant, and three public officials
in the industry (two waste management directors (WMDs)
and a representative from the Ministry of Sanitation and
Water Resources). WMDs are responsible for city (metro-
politan) waste management. After a brief introduction of
HHW by the authors, a cross-section of the participants
presented on pre-selected topics, including contemporary
concerns regarding MSW streams, the existing legislative
frameworks governing HHW globally and locally, current
(local) governments’ arrangements to manage HHW, and
how the private and informal sectors were handling such
waste stream along the waste management value chain.
After the presentations and deliberations, the participants
were divided into groups for a breakout session to discuss
the topic further. They summarised the current state of
knowledge and challenges associated with HHW manage-
ment and proffered some policy recommendations. The
policy dialogue highlighted the lack of knowledge on HHW,
generating intense public discussions and commentary on
the subject.

Based on the workshop findings, a structured question-
naire was designed and administered through a public sur-
vey to gather additional information on the management
practices of HHW) in the region. The questionnaire includ-
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FIGURE 1: Map of the study area.
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Step 1: Qualitative

[Policy dialogue]—-[ Data analysis ]

Questionnaire
design

[ Public survey ]—[ Data analysis ]

Step 2: Quantitative

Step 3:
Triangulation

and
integration

FIGURE 2: Process flow of sequential mixed-method approach used study.

ed questions related to the socio-demographic details of
the respondents, the HHW streams that they manage, and
their knowledge about the handling, disposal, and poten-
tial hazards of HHW. Proxy questions were also used to
assess the level of awareness and understanding of the
topic among the respondents. The study was conducted
in eight communities, namely Chorkor, Nima, Dansoman,
Accra New Town, Cantonments, Roman Ridge, Kasoa, and
Afienya. These communities were selected purposively
to reflect the geographical and socioeconomic diversity
of the region and to account for some spillover dormitory
communities, as shown in Figure 1. Entry into the commu-
nities, except for Cantonments, was facilitated by an As-
semblymember of the area, who also provided guidance in
identifying the community boundaries.

The required sample size was estimated at 1,230 using
the Yamane's formula (Equation 1), based on the current
population of the GAMA (GSS, 2021), Kasoa and Afienya, at
a 2.85% margin error. The sample sizes for each communi-
ty were determined using the proportional quota technique
based on the 2010 population and housing census (PHC),
which had community-level data available at the time of the
study. The sample sizes for Cantonments and Afienya were
slightly adjusted to reflect field conditions, including empty
houses and significant community expansion compared
to 2010, respectively. Respondents (household heads or
their representatives, 18 years or older) were selected us-
ing a multi-stage sampling technique similar to the one de-
scribed by Frimpong (2019). The study involved a total of
1,245 participants who were administered questionnaires
in their local dialect by trained field officers.

n=N/(1+N*e?) (1)

where n is the sample size, N is the population size, and e
is the margin error.

We analysed the transcribed audio recording of the
workshop and notes taken thematically using ATLAS.ti.
This was also complemented by a mini review of the HHW-
related laws in Ghana. Moreover, we used descriptive and
inferential statistics in IBM SPSS (version 24) to examine
the survey data. We evaluated the knowledge levels of the

respondents by using a scoring system where “0” repre-
sented an incorrect response, “1” was assigned to “l don't
know”, and “2” indicated a correct answer. We used the me-
dian scores of the respondents for the questions measuring
HHW handling, disposal, and environmental impact as the
aggregated scores. Median scores of less than one, equal
to one, and more than one were interpreted as “low,” “neu-
tral,” and “basic” knowledge levels, respectively. The term
“basic” was used instead of “high” to describe the level of
knowledge required for correct responses since the study
questionnaire only included typical examples of HHW.

To determine if respondents’ socioeconomic character-
istics affected their likelihood of hearing about HHW, we
used logistic regression. We inputted all variables into the
equation using variable codes displayed in Table A.1. Be-
forehand, we assessed multicollinearity among predictor
variables using variance inflation factor (VIF) and tolerance
values, as outlined in Field (2013).

Finally, we discussed the study results by integrating
and triangulating information gathered from both the quali-
tative and quantitative sources.

3. RESULTS
3.1 Respondents’ sociodemographic profile

Table 2 displays that most participants (58.2%) were
females, which is consistent with the recent census data
indicating a higher proportion of females (about 51%) in
the study area (GSS, 2021). Also, many females were at
home during the survey period, particularly in low and
middle-income communities. Additionally, about 51.8% of
the respondents were young adults aged between 21 and
40 years, 34% were middle-aged adults aged between 41
and 60 years, and 11.4% were senior citizens above 60
years.

Out of all the respondents, only 9.6% had no formal edu-
cation. Basic and secondary education was completed by
28.3% and 31.8% of the participants, respectively. Around
20% were government or private employees, while 31.8%
were traders. The majority of the participants (51.4%)
were married, followed by single (31.3%), widowed (6.6%),
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TABLE 2: Sociodemographic characteristics of the respondents.

Sociodemographic characteristic Frequency % Sociodemographic characteristic Frequency %
Gender Male 725 58.2 Age Up to 20 35 2.8
Female 520 41.8 21-40 645 51.8
41-60 423 34.0
More than 60 142 11.4
Highest educa- None 119 9.6 0-500 463 37.2
tion level
Primary 115 9.2 501 - 1000 358 28.8
Basic 352 283 Average monthly . 1407 1509 174 14.0
income (GHC)
Secondary 396 31.8 1501 - 2000 109 8.8
Tertiary 263 211 Above 2000 141 1.3
Major Unemployed 183 14.7 Separate 290 23.3
occupation o
overnment 90 7.2 Semi-detached 122 9.8
worker
Private company 159 12.8 Type of dwelling i Apartment/flat 135 10.8
employee unit
Artisan/crafts- 163 131 Compound 657 508
man house
Trader 3% 318 Improvised 29 2.3
home
Student 73 5.9 Other 12 1.0
Other 181 14.5

co-habiting (6.3%), and divorced (4.4%). Two-thirds of the
participants earned a monthly income of GHC 1,000 (USD
105) or less, while only 11.3% earned more than GHC
2,000 (USD 210). The most prevalent dwelling unit was a
compound house (52.8%), followed by separate houses
(23.3%), apartments and flats (10.8%), and semi-detached
houses (9.8%). A small percentage of individuals lived in
improvised homes such as kiosks or containers.

3.2 Household solid waste management practices

Based on Table 3, the majority of the participants
(54.7%) used authorised waste bins to store their waste,
while others utilized improvised containers like old sacks
and plastic bags. Figure 3 displays some of the various re-
ceptacles employed for waste storage. The type of storage
container used varied depending on the economic status
of the community. High-income households primarily used
authorised waste bins (96.0%), while middle-income settle-
ments used waste bins for about 50.2% of waste storage,
with improvised containers and sacks accounting for 18.9%
and 11.7%, respectively. Less than half of the respondents
(37.9%) in low-income communities had authorized waste
bins. It's ironic that the prevalence of authorized waste bins
was slightly higher at 47.0% in fringe communities. This
isn't surprising since most of the emerging middle-income
families settle in the peri-urban neighbourhoods where
land is relatively affordable.

From the data analysis, it was found that only 36.2% of
the respondents practised waste separation at home. The
most commonly separated materials were plastics, card-
board, and metals. Out of this percentage, 61.3% sold parts
of their waste to itinerant buyers, which was more common
in low and middle-income neighbourhoods. This indicates
that monetary incentives may significantly drive household

waste segregation in the study area. Additionally, a signifi-
cant proportion (23.1%) of people disposed of their waste
through open burning. This method was more prevalent in
dormitory communities on the outskirts (49.4%), which are
currently underserved with official waste collection servic-
es in most cases.

The study found that 46.8% of participants reported
that informal waste collection was the official arrangement
in their neighbourhoods. These waste collectors typically
use smaller vehicles like motorised tricycles to access ar-
eas with poor road accessibility. Also, 45% of respondents
were served by waste management companies that use
compaction trucks, while 7% had communal container sys-
tems. The remaining 4.8% had no official waste collection
arrangement.

The study also provided insights into the availability of
waste collection services in different neighbourhoods. In
high-income areas, most households (86.7%) were served
by waste management companies providing door-to-door
services. In contrast, approximately 50 to 60% of house-
holds depend on informal operators for door-to-door col-
lection in low-income, middle-income, and fringe commu-
nities. Communal waste disposal systems were primarily
found in low-income neighbourhoods, serving about 16.7%
of households. In communities located along the coast,
residents often resorted to dumping their waste at the sea-
side. In contrast, others would dispose of their waste in
drains and bushes or burn it in open areas where there was
no official waste collection arrangement.

3.3 Gauging respondents’ awareness and knowled-
ge levels

This section focuses on the inventory of household
hazardous waste (HHW) as reported by our respondents.
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TABLE 3: Household waste management practices.

% in community type

MSWM practice Frequency % Low-income
Middle-income High-income Fringe
Primary storage : Waste bin 681 547 379 50.2 96.0 47.0
Plastic bag 131 10.5 27.1 18.9 1.8 16.1
Used sack 213 17.1 13.2 1.7 1.8 12.9
Improvised 216 17.4 2138 18.9 0.4 22.9
container
Others 4 0.3 0.0 0.2 0.0 1.2
Total 1245 100.0 100.0 100.0 100.0 100.0
Ofﬁma[ waste Waste manage- 516 M4 26.8 36.6 86.7 28.1
collection ment company
arrangement Private inf |
/lvate Informa 582 467 51.1 54.8 9.8 59.8
(‘aboboyaa’)
Communal 87 7.0 16.7 6.2 09 16
container
Other 60 48 5.4 2.4 27 10.4
(none)
Total 1245 100.0 100.0 100.0 100.0 100.0
Waste manage- : Burying 13 1.0 1.6 0.4 0.9 1.6
ment practices :
Open burning 288 23.1 12.6 18.5 18.2 49.4
Separation 451 36.2 37.5 445 29.8 25.3
Sell to itinerant 279 224 38.5 236 6.2 145
buyers
Reuse 123 9.9 18.6 10.6 1.8 4.8

FIGURE 3: Types of receptacles for waste storage. (a) waste bin, (b) sacks, (c) improvised containers, and (d) plastic bags.
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It explores their awareness and knowledge regarding HHW
and the management practices they adopt to deal with it.
The aim is to understand better the types of hazardous
waste found in households, respondents’ awareness and
knowledge levels, and their practices for managing such
waste. The study examines the prevalence of HHW in
households, respondents’ familiarity with this waste, and
their management strategies.

According to Figure 4, 41.3% of the respondents report-
ed generating unused or expired medications/drugs, while
40.5% generated used or broken light bulbs. Most par-
ticipants who generated these HHW fractions did so over
one month or more, as depicted in Figure 5. Additionally,
23.0% of the participants generated various types of bat-
tery waste, such as dry cells, vehicle batteries, and power
banks. These wastes were produced after more than three
months (44.1%), monthly (17.8%), or quarterly (31.8%). Fur-

thermore, 16.7% of the participants reported generating
expired paints and solvents, while 70.1% produced such
waste generally after over three months.

More than half of the respondents (56.6%) confirmed
that they dispose of sharps like used razor blades, nee-
dles, and lancets in their homes. These disposable sharps
were generated mostly every month (33.6%), but also fre-
quently over a week (24.0%), quarterly (18.6%), or beyond
three months (19.7%). Most respondents (86.7%) gener-
ated compressed cans, such as body spray, spray starch,
air freshener, and insecticide spray, every month (56.4%).
About one-third of the respondents (32.5%) produced un-
used or expired pest control chemicals or e-waste (32.8%).
Two-thirds of those who generated e-waste (66.4%) indi-
cated it took over three months to produce them. However,
a considerable proportion of the respondents produced
expired or unused pest control chemicals on a weekly

Medication/drugs - | NN 1 3

Batteries || 23.0

Paints and solvents _ 16.4

Disposable sharps | I 5¢. o

Aerosol compressed cans | <./

Fluoresent tubes and LED bulbs _40.5

Pest control chemicals || EGTzNGEG 5

Electronic waste _ 32.8

% of respondents

FIGURE 4: Percentage of respondents who generated various streams of household hazardous waste.
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Electronic waste

0
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FIGURE 5: Frequency of generation of household hazardous waste streams.
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(16.3%), monthly (27.4%), quarterly (24.4%), or over three
months (29.6%) basis.

According to Figure 6, over 71% of the respondents
disposed of hazardous household waste (HHW) by adding
it to regular waste bins. This included medication, batter-
ies, diapers, sanitary products, sharps, aerosol cans, bulbs,
and pesticides. Paints and other hazardous solvents were
also often added to waste bins, stored in backyards, or
disposed of by other means. As for e-waste, 35.3% of the
respondents added it to waste bins, 40.9% stored it in their
backyards, and 23.0% disposed of it through other meth-
ods. Backyard storage was commonly used for battery
products (15%), sharps (10.8%), and pesticides (13.1%).

Though the survey results appear interesting, they
somehow parallel the qualitative data. For example, revela-
tions from the policy dialogue confirmed the generation
of these HHW fractions and their co-disposal with main-
stream waste. To support this, an operator of an MSW
treatment facility observed as follows:

“..The kind of waste coming to the processing plant is
very abhorrent and negatively impacts our operations...I can-
not mention the number of chemicals we receive in the form
of liquids, powders, etc. These chemicals are negatively af-
fecting the quality of the products that we are producing. Not
only the quality, but the maturation period is also adversely
affected.” — Composting & Recycling Plant Operator 1

This observation highlights the challenges material
recovery facilities face treating MSW contaminated with
HHW, including extended compost production cycles and
compromised compost quality.

Medication/drugs

Batteries

Diapers, sanitary materials, and condoms
Paints and solvents

Disposable sharps

Compressed aerosol cans

Fluoresent tubes and LED bulbs

Pest control chemicals

Electronic waste 353

0 20

The survey results indicate that there is a lack of aware-
ness among the public regarding the proper handling of
HHW. As per the findings of Figure 7, 67.6% of people had
not even heard of HHW, and 75.7% were not aware of its
treatment options. Even though more than half (56.6%)
of the respondents believed that household waste should
not be handled the same way, 52.6% were unsure or had
low knowledge of the appropriate HHW handling meth-
ods. Upon further analysis of the data, it was discovered
that individuals familiar with HHW, aware of its treatment
methods, or read product labels were more likely to be from
high-income neighbourhoods. This is likely due to the high-
er levels of education in these communities, which were
later confirmed by the regression analysis findings.

According to the study, it was found that most partici-
pants (85.8%) had a basic understanding of the correct
methods for disposing of Household Hazardous Waste
(HHW) which is shown in Figure 8. Additionally, the ma-
jority (79.9%) were aware of the environmental harm that
could result from improperly managed HHW. The level of
knowledge varied depending on the type of HHW, with over
80% of the participants exhibiting a basic understanding of
handling and disposing of aerosol cans, e-waste, and pest
control chemicals. Approximately 75% of the participants
had a similar level of knowledge regarding disposing of ex-
pired or unused medicines, while two-thirds were familiar
with handling batteries, paints, and solvents. However, only
about 50% had comparable knowledge regarding the dis-
posal of disposable sharps. Furthermore, less than half of
the participants (48.9%) admitted to reading product labels
before discarding them.

24,07 4.7

07~ 0.2

n=405

n =408

40 60 80 100

% of respondents

B Add to waste bin ®Burning mBurying ® Flash down toilet & Store in backyard = Other

FIGURE 6: Distribution of household hazardous waste disposal methods.
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FIGURE 7: Respondents’ knowledge levels regarding household hazardous waste handling, disposal, and environmental impact.
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FIGURE 7: Household hazardous waste awareness rates the among respondents.
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FIGURE 8: Respondents’ knowledge levels regarding household hazardous waste handling, disposal, and environmental impact.

The study employed logistic regression analysis to in-
vestigate if awareness of HHW varied between different
sociodemographic groups. The binary regression model
accurately predicted whether a respondent had heard of
HHW, with a model accuracy of 71.0%, a Chi-square (x?)
value of 115.21 and a p-value of <.0001. The -2LogLikeli-
hood value was 1452.6, R? . was .09, while R? was .12. Fur-
thermore, the predictors had an acceptable level of multi-
collinearity, as the VIF was < 5 and the Tolerance was > 0.2.

Based on the results presented in Table 4, the gender,
education level, and major occupation of respondents were
significant predictors of their awareness of HHW. However,
age, income, and dwelling unit type did not significantly
impact. The data indicates that being male increased the
likelihood of hearing of HHW by 1.4 times (or 40%) com-
pared to females (Exp (B) = 1.447, p < 0.01). Furthermore,
higher levels of education increase the chances of hearing
about HHW (Exp (B) = 1.217, p < 0.01). Among the differ-
ent occupational groups, there was significant difference

in HHW awareness (Wald x? = 16.25, df = 6, p < 0.01). Spe-
cifically, government workers (Exp (B) = 2.741, p < 0.001)
and students (Exp (B) = 1.886, p < 0.05) were 2.7 and 1.9
times, respectively, more likely to have heard of HHW than
the unemployed.

During the policy dialogue, it was noted that there is a
general lack of awareness and knowledge regarding HHW
among both practitioners and the public. Although partici-
pants were familiar with some common HHW, such as car
batteries, pesticides, and motor oil, they did not recognise
other hazardous items, such as empty aerosol cans, fluo-
rescent tubes, nail polishes, and creams. Here are some
observations made during the workshop:

“It’s surprising how little people know about household
hazardous waste, even those who work in related fields.
The main issue is that we don’t always realize which home
items can be hazardous. Many everyday household items
pose a threat to our health and the environment, but we
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TABLE 4: Relationship between sociodemographic profile and the likelihood of hearing of HHW.

Variable B Wald df Sig. Exp (B)
Gender (ref: female) 0.369 ** 7.286 1 0.007 1.447
Age -0.011 0.014 1 0.906 0.989
Education 0.217 ** 9.636 1 0.002 1.242
Average monthly income 0.104 2.995 1 0.084 1.109
Occupation (ref: unemployed) 18.096 6 0.006

Artisan/craftsman 0.399 2.456 1 0.117 1.490
Government employee 1.008 *** 10.126 1 0.001 2.741
Private company employee 0.405 2.371 1 0.124 1.500
Trader 0.196 0.764 1 0.382 1.217
Student 0.634 * 4134 1 0.042 1.886
Other -0.092 0.127 1 0.721 0.912
Type of dwelling unit (ref: separate house) 3.142 5 0.678

Apartment/flat 0.283 1.522 1 0.217 1.327
Compound house -0.083 0.259 1 0.611 0.921
Improvised home -0.248 0.252 1 0.616 0.781
Other -20.453 0.000 1 0.999 0.000
Semi-detached 0.126 0.293 1 0.588 1.134
Constant -1.934 *** 23.846 1 0.000 0.145

Note: ref means reference group; * p = 0.05; ** p < 0.01; *** p < 0.001; N = 1245; B = coefficient; Exp (B) = odds ratio

don’t always recognize them as such.” — Breakout Session
Group 1

“Throughout today’s discussions, a recurring theme has
been the lack of knowledge or awareness around certain
topics. As a group of well-educated, well-read and well-ex-
posed individuals who grasp the complexities of various is-
sues, it is both concerning and intriguing to note this trend.
However, we also need to consider ordinary people who live
in households with an average education level of junior high
school or even lower. It is a cause for concern that they may
not be aware of important topics. For instance, there seems
to be a lack of awareness about the waste category we are
currently discussing.” — Academia Participant 1

During the workshop, it was revealed that informal
workers handle and process 93-97% of Ghana’s e-waste.
The participants in the policy dialogue expressed concern
that most workers in the e-waste industry have limited
knowledge of the hazardous nature of the materials they
handle. A consultant in the e-waste sector aptly described
the consequences of leaving the handling of this waste
stream to be managed by the informal players:

“Many workers in the informal sector do not wear per-
sonal protective equipment, such as gloves or boots, and
are often exposed to unknown hazards. Although many of
these workers are aware of the potential health risks associ-
ated with their work, their knowledge of these risks is often
limited. Studies suggest that only 1-10% of workers have a
comprehensive understanding of the risks they face, and
even this level of knowledge may not be sufficient to change
their behaviour.” — MSW Management Consultant.

During the policy dialogue, three crucial factors were
identified to address the issues surrounding the manage-
ment of household hazardous waste (HHW) in Ghana. Sev-
eral important points were raised, including raising aware-
ness and intensifying public education on HHW. It was also
emphasised that promoting and enforcing the segregation
of household waste is necessary. The lack of specific laws
regarding HHW makes it necessary to enact appropriate
policies and legislation to govern its management and
promote household waste separation. Additionally, it is
critical to have enforcement mechanisms in place to en-
sure compliance. This would require adequately resourc-
ing environmental health offices (in the districts and mu-
nicipalities) and waste management departments (in the
metropolises) to carry out their mandate. Furthermore, it
was suggested that the country establish special courts to
address environmental sanitation-related issues. Finally, it
was necessary to establish special collection systems or
arrangements with reliable services to sustain the public’s
interest in separating HHW. These insights were gathered
from workshop participants:

“To summarise our position regarding household hazard-
ous waste, although there are environmental laws in place in
Ghana, no specific law or act currently addresses HHW from
households. We believe that there should be a law created
that clearly defines the term "household hazardous waste”
and establishes penalties for those who violate it. This legis-
lation would allow us to take legal action against offenders
and protect our rights.” — Legal Practitioner.

“...There is an urgent need to develop and enforce sanita-
tion policies and legislation. Special courts should also be
established to address sanitation-related issues.” — Break-
out Session Group 1
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4. DISCUSSION

This study confirms that automotive products (e.g.,
vehicle batteries and motor oils, etc.), light bulbs, pes-
ticides, home improvement products (e.g., paints, air
fresheners, etc.), and household cleaners (e.g., disinfec-
tants, bleaches, etc.) are familiar sources of HHW in ur-
ban sub-Saharan Africa (Edokpayi et al., 2017). The study
highlights the everyday use of aerosol cans, such as in-
secticide sprays, body sprays, air fresheners, hair sprays,
and others, as well as disposal sharps like razor blades,
lancets, and injection needles, as well as expired and un-
used medications, fluorescent tubes, and e-waste among
residents in the study area. This emphasises the need to
pay attention to properly dispose of and manage these
items. The prevalence of aerosol cans is attributed to the
shift from traditional practices of using lime and lemon
to control body odour to using containerised deodorants
and the increased adoption of insecticide sprays in Ghana
over the past few decades.

Additionally, the number of cases of non-communica-
ble diseases, such as diabetes, heart disease, and can-
cer, has increased in the recent past (Ministry of Health,
2022). Managing diabetes at home may require frequent
blood sugar level monitoring with glucometer kits, where
the patient’s finger is pricked with lancets for blood sam-
ples. In certain instances, patients self-administer insulin
injections to regulate their glucose levels at home. These
contribute to the widespread use of disposable sharps.
The proportion of respondents who generated medication/
drugs HHW in this study was 41.3%, less than the over 50%
reported by Sasu et al. (2012).

4.1 HHW awareness and knowledge levels in GAMA

The results of this study show that around two-thirds
of those surveyed were not familiar with HHW, and three-
quarters did not know of any HHW treatment methods.
Additionally, more than 50% of the respondents had insuf-
ficient knowledge of the proper handling of HHW or were
uncertain about the correct procedures. These findings
are similar to previous reports from Sub-Saharan Africa
(Edokpayi et al., 2017; Ubachukwu et al., 2014) and Thai-
land (Decharat et al., 2020). These pieces of evidence
underscore the necessity for heightened awareness and
education in developing countries regarding HHW and its
detrimental ecological and public health effects. Enhanced
awareness can also drive public demand for government
intervention, urging the development of policies and legal
frameworks and the provision of logistical support for ef-
fective HHW management.

During a policy dialogue, it was discovered that even
those working in the MSW management sector, who are
expected to possess adequate knowledge about HHW, did
not consider specific HHW fractions hazardous. Items such
as vehicle batteries, pesticides, paints, thinners, and par-
tially empty gas cylinders were quickly recognised as haz-
ardous. However, other household hazardous items such
as nail polishes, lipsticks, creams, and unused medication
or drugs were not considered. It was also revealed that
the management of HHW is entirely missing from Ghana'’s

waste management architecture and that no politician or
sector minister has ever mentioned it. Although the country
has hazardous waste legislation that targets industrial and
commercial activities, there is no regulatory framework
for HHW. This suggests that policymakers are unaware of
the prevalence and risks of HHW. Therefore, raising more
awareness among the public and key stakeholders about
the risks associated with HHW is crucial. It should be noted
that many countries in the sub-region, such as South Africa,
Nigeria, and Kenya, do not have a legislative framework for
Hazardous Household Waste (HHW). As a result, there is
no specific definition of HHW for these countries (Mmereki
et al., 2017). This lack of or variation in the HHW definition
can affect the public’s perception of what is hazardous and
make it difficult to quantify and monitor HHW. This issue
has been rightly pointed out as a cause of concern.

4.2 Implications of HHW knowledge level for HHW
handling and disposal

As mentioned earlier, most of the participants were
not familiar with HHW. More than half of the respondents
needed guidance on how to handle HHW. Despite this,
nearly 80% of the participants understood the proper dis-
posal methods and the harmful effects of HHW on the
environment. However, it is concerning that even with this
knowledge, many respondents still disposed of HHW along
with MSW. Our research aligns with previous studies (Sasu
et al,, 2012; Udofia et al., 2017), indicating that three out
of four participants dispose of pharmaceutical waste with
Municipal Solid Waste (MSW). Furthermore, the report
highlights that over 80% of the study population disposes
of sharp waste in household bins. However, our research
contrasts with the situation in developed countries where
safe receptacles are commercially available in pharmacies
for individual use to store used needles safely. In Ghana,
such safe containers are primarily found in medical facili-
ties and are rarely available at the household level.

The study revealed that open burning of municipal solid
waste was very common (23%) in the study area. However,
we found that the deliberate burning of household hazard-
ous waste was limited (0.5-4.7%). This result was not sur-
prising since the study participants had basic knowledge
about the harmful effects of HHW on the environment and
public health. The study also found that in 2020, the Ghana
Food and Drugs Authority (FDA) initiated the ‘Take Back
Unwanted Medicines from Consumers’ (TBUM) Project to
retrieve unused and expired medicines from households,
starting from Accra (FDA, 2020). However, as rightly noted
by Amoabeng et al. (2022), the lack of awareness of such
programmes has limited their impact.

Regarding how to get rid of household hazardous prod-
ucts, there are usually instructions on the labels provided
by the manufacturers. However, according to earlier stud-
ies Edokpayi et al. (2017), people in sub-Saharan Africa
tend to ignore these instructions. Even those who read the
labels do not follow the proper disposal instructions. Our
study found that almost half of the respondents claimed
to read the product labels before disposal, a claim which
coincided with the number of our respondents who had
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received at least a secondary education. This finding sug-
gests that even those who claim to read the instructions
still require help disposing of certain products due to a lack
of separate disposal containers. Our observation was con-
sistent, with over half of the respondents stating that cer-
tain household waste streams should be handled different-
ly. These respondents also understood the consequences
of improper hazardous waste management on public and
environmental health. The irony is that despite this aware-
ness among some respondents, many admitted to dispos-
ing of hazardous waste with regular municipal waste.

It appears that the handling and disposal practices of
HHW in GAMA are influenced by several factors beyond
the population’s level of awareness and knowledge about
the subject. Logistical, infrastructural, legal, and institu-
tional gaps need attention. For example, the study found
that 45% of respondents did not have approved waste
bins and instead used sacks, crude containers, and other
unapproved waste storage methods. This discourages the
source separation of household waste. Additionally, previ-
ous studies (Deku, 2017; Sarfo-Mensah et al., 2019) have
shown that waste collection services in the area are gener-
ally unreliable, raising concerns about whether the existing
waste collection regime can support separate HHW collec-
tion. The unreliable waste collection services have created
opportunities and economic niches for the growth of infor-
mal waste collectors, who serve a significant proportion
(41.5%) of the residents in the area. Unfortunately, these
informal waste collectors may not have enough knowledge
and expertise in managing HHW, which poses a risk to
themselves and the environment.

4.3 Policy implications and recommendations

The recent study highlights the urgent need to reas-
sess the country’s institutional and policy frameworks
for managing MSW. Currently, there is no specific policy
for the management of HHW. Therefore, it is crucial to
have specific legislation that defines HHW and outlines a
streamlined management process, from storage to dispos-
al. Our study advocates adopting a comprehensive MSW
legal framework similar to South Africa’s Wastes Act and
Austria’'s Waste Management Act. This framework should
encompass handling various forms of waste, such as lig-
uid, gas, solid, and particulate waste, recycling operations,
and all parties’ responsibilities throughout the waste man-
agement process. The policy must also highlight the ob-
ligations of governmental bodies, economic and financial
mechanisms, EPR, and the movement of waste across bor-
ders as integral components.

Given that the country has numerous laws regarding
environmental sanitation, yet their impact is limited, having
specific legislation for HHW will not be enough to guaran-
tee positive results. Previous studies have identified signifi-
cant challenges in policy enforcement due to factors such
as lack of political will, funding deficiencies, limited capaci-
ty and commitment of enforcement institutions, corruption,
and poor sanitation culture. To overcome these obstacles,
it is crucial to develop enforcement mechanisms. Environ-
mental health officers must be appropriately recruited and
adequately resourced to enforce the law at the community

level. Additionally, sanitation courts should be established
to expedite offenders’ prosecution and deter others from
breaking the law.

We suggest implementing EPR programmes as part of
the reform. The EPR system would hold producers account-
able for managing their products at the end of their life
cycle. Producers can finance HHW collection and disposal
programmes through the EPR system to ensure proper dis-
posal of hazardous household waste. The EPR financing
scheme could also integrate the provision of appropriate
storage receptacles for such programmes to encourage
HHW separation at source. Currently, EPR programmes are
limited to collecting plastic waste and e-waste; only a few
such programmes exist in Ghana. These programmes are
incentivised. In 2017, the Ghana Recycling Initiative by Pri-
vate Enterprises (GRIPE) was established to promote recy-
cling efforts among plastic producers worldwide. However,
despite the good intentions, the initiative has not fulfilled
its commitments and is often used as a marketing ploy to
deflect blame for plastic pollution (Chellel & Dontoh, 2022).

The success of EPR in managing HHW depends on
specific policies and regulations, as well as the active par-
ticipation of producers in EPR initiatives. However, EPR
schemes often struggle to succeed in developing coun-
tries due to poor waste management infrastructure, lack
of transparency, and neglect of the informal sector (Talbott
et al., 2022). Ghana faces the same challenges in integrat-
ing the informal sector into its waste management sys-
tem. Therefore, policymakers should find ways to involve
the informal sector to improve MSW management and
build capacity. The government needs to expedite efforts
to integrate the informal sector formally, as outlined in the
2020 National Waste Management Strategy (NWMS). The
NWMS aims to address the integration issue by acknowl-
edging, registering, and offering training to informal work-
ers. However, progress in implementation has been slow.
The NWMS could provide informal waste workers with nec-
essary occupational health and safety training if success-
fully implemented.

Additionally, policymakers could combine EPR pro-
grams with economic instruments like packaging taxes and
landfill fees to enhance their effectiveness (Vink, 2020).
However, caution should be exercised as funds from such
measures may only be allocated with a dedicated fund sec-
retariat. This was seen with the 10% Environmental Excise
Tax on plastic products in 2013 (Keesman, 2019). There-
fore, the government should establish the necessary struc-
tures to ensure the timely release of funds accrued from
financial instruments to sustain any EPR regime.

Effective waste management is crucial for Ghana, and
this includes managing HHW. To achieve this, Ghana needs
a comprehensive approach considering all forms of waste.
The Integrated Sustainable Waste Management (ISWM)
framework is a suitable basis for relevant policies because
it incorporates the physical and governance structures nec-
essary to manage all waste types (Letcher & Slack, 2019).
The waste management hierarchy has proven to be a prac-
tical approach for managing HHW. However, the success
of HHW management programmes depends on inclusivity -
the involvement of the public, private and local government
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institutions, national government, and producer responsi-
bility organisations (Wilson et al., 2013). Therefore, Gha-
na’s HHW management policies must prioritise educating
and encouraging the public to reduce their consumption of
HHW products. Strategies such as buying only the neces-
sary quantities, opting for less hazardous alternatives, and
fully utilising the products can help minimise HHW.

This study found that females, individuals with low
formal education, and non-government workers were less
likely to be aware of HHW. Therefore, policymakers must
implement public awareness campaigns that are more tar-
geted and inclusive to ensure that all sections of the public
are informed about HHW. Additionally, research has shown
that women are vital in managing household waste and are
more likely to exhibit pro-environmental behaviours. (Lee
et al., 2011; Odonkor & Sallar, 2021), which further empha-
sises their significant role in effective HHW management.
Hence, failure to adequately raise awareness among wom-
en will hinder the success of HHW management efforts. In
addition, it has been observed that Tuesdays are the best
day for HHW education programmes in coastal communi-
ties, as most people do not go fishing on that day.

Efficient waste separation is crucial in reducing the de-
pletion of natural resources, promoting recycling, and pro-
longing the lifespan of landfills by diverting waste. House-
holds may practice waste separation for various reasons,
such as financial incentives. Our research found that while
35-40% of respondents disposed of e-waste, paints, and
solvents with regular waste, a similar percentage stored
them in their backyards. Although paints and solvents can
be stored for future use, e-waste is commonly hoarded for
economic reasons. Our study also confirms that people
from low- and middle-income communities are likelier to
practice household waste separation and sell them for fi-
nancial gain. However, recent studies suggest that person-
al ethical values also significantly shape people’s intention
to separate household waste (Oduro-Appiah et al., 2022).
These internal normative pressures include separating
waste as a show of respect for the environment and feel-
ing guilty for not separating their waste to help protect the
environment (Schwartz & Howard, 1981), which is deeply
entrenched in the beliefs of the three major religions in the
country. Therefore, campaign messages promoting HWS
should reinforce moral obligations. Additionally, legislation
and enforcement are necessary to encourage HHW segre-
gation at the household level.

5. CONCLUSIONS

Our study aimed to assess participants’ level of aware-
ness and knowledge regarding Household Hazardous
Waste (HHW). The results showed that HHW accounts for
only a small percentage of Municipal Solid Waste (MSW)
and is not widely known among the general public. How-
ever, some citizens have become more aware of HHW
through local education and information initiatives. They
can now identify hazardous materials in the waste generat-
ed in their daily lives. Despite its low volume, HHW should
be collected separately and treated effectively. The current
practice of disposing of HHW in conventional landfills can

lead to the release of potentially harmful materials into the
environment, making it crucial to handle it with care.

Residents’ knowledge level regarding hazardous waste
disposal and its impact on the environment varied depend-
ing on the type of waste. This raises concerns about the
health and safety risks associated with how some house-
holds in Ghana handle certain types of hazardous waste.
Although many residents have basic knowledge about the
adverse impact of hazardous waste on the environment
and how to dispose of it properly, they still dispose of it
with regular waste. Proper handling and disposal of haz-
ardous household waste can be challenging due to various
reasons such as lack of awareness, insufficient laws, poor
enforcement, and logistical and infrastructural obstacles.
Our study recommends educating the public about hazard-
ous household waste and raising awareness through tar-
geted campaigns to address this issue. It is crucial to enact
hazardous household waste and household waste segre-
gation regulations and appropriate enforcement regimes
to combat this problem.

Effectively managing household hazardous waste
involves addressing several essential aspects. Local au-
thorities should promote and implement separate collec-
tion schemes designed for different groups of HHW items.
These schemes should be reinforced where preliminary ini-
tiatives have already been taken. The government, produc-
ers, and retailers should collaborate to develop integrated
take-back systems to ensure ease of use. It is crucial to
support the existing legislative framework and use consis-
tent terminology across different countries. This will enable
reliable statistics to be collected. Reducing the amount of
HHW generated should be a top priority. This can be ac-
complished by using less hazardous materials in manufac-
turing and making conscious daily decisions. These efforts
will also positively impact the management of HHW, as pre-
vention is key. It is important to note that there is a lack of
accurate data regarding the amounts of HHW generated.
Therefore, future research should examine the quantities
of HHW fractions produced within the GAMA, starting with
the most commonly encountered types.
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1. INTRODUCTION

Identifying the polluter(s) and their relative contribution
to the impacts of pollution is often the primary objective
of an environmental forensic investigation. Such inves-
tigations need to be carried out in a manner meeting the
requirements of the legal system that is in place designed
to punish the polluters. The results need to be scientifically
robust, but also presented in a way that is acceptable to the
legal system, judge, and jury. These are important require-
ments because punishment to the polluters can depend on
the quality of communication, as much as the severity of
the impacts of pollution.

Just as in any specialized crime area, effective commu-
nication between the investigating experts and the judiciary
is a challenge in environmental crimes (Custers, 2024). The
inability of the judiciary to fully understand the technical
nuances involved in the case and the inability of the tech-
nical experts to fully appreciate the importance of the legal
requirements are the reasons behind this. An effective way
to address this challenge is having peer reviewed, clear and
objective guidelines and protocols, both for investigation
and for the presentation of evidence. For the investigating
experts, this will save a lot of effort as (s)he knows before-
hand the expectations from the judiciary. It prevents the
situation where a skilled opposing advocate finds it easy to
get the experts’ testimony struck from the records on pro-
cedural grounds, even when the expert is competent and
his/her scientific methods reliable (Samad et al. 2015). As
for the judiciary, it is now left with the easier job of verifying
whether the guidelines are adhered to or not.

2. EXISTING GUIDELINES FORENVIRONMEN-
TAL FORENSIC INVESTIGATION

The field of environmental forensics has grown sig-
nificantly over the past couple of decades, and various
organizations and institutions worldwide have come up
with guidelines and protocols to standardize environ-
mental forensic investigations. The most notable and
explicit guideline is the one published by INTERPOL.

The “Pollution crime forensic manual” Volume | and Il by
INTERPOL provide guidelines on the sample collection
procedure for some typical environmental crime scenar-
ios and the subsequent documentation of the evidence
(INTERPOL, 2014). A limitation of this manual when
adopted for environmental forensic investigations is
that it does not address the investigation in its entirety,
but focuses on the sample collection and preservation
procedures. INTERPOL has published specialized inves-
tigative manuals for illegal garbage discharge from ves-
sels (INTERPOL,2018) and illegal oil discharge from ves-
sels (INTERPOL, 2007). The INTERPOL manuals (Figure
1) are obviously from the perspective of a law enforcing
officer investigating a crime scene. But, for an environ-
mental forensic expert, guidelines on the type of foren-
sic tools suitable for a given situation, the most suitable
sampling and analysis techniques for a given situation,
availability of field kits, etc. are as important as the sam-
ple collection and preservation strategies.

Apart from the INTERPOL manual, there are guidelines
prepared by many regulatory agencies that implicitly ad-
dress some stages, mostly the sample collection part of an
environmental forensic investigation. “The inspector’s field
sampling manual” by Environmental Canada is one such
guideline ‘that has been written to provide national stand-
ards and uniformity in environmental sampling for sam-
plers including enforcement officers, other public officers
and lay samplers’ (Environmental Canada, 2005). This
manual focuses on sampling for investigations of suspect-
ed violations, in addition to sampling for inspections, and
emergency response. In fact, “The Inspector’s Field Sam-
pling Manual” was the basis for the ‘Pollution crime foren-
sic investigation manual’ as acknowledged by INTERPOL.

The United States Environmental Protection Agen-
cy (US EPA) has Environmental Crime Task Force Teams
stationed at various places to better support the enforce-
ment of environmental crime and to deter crime before it
happens. The Central Virginia Environmental Crimes Task
Force has prepared a ‘Resource guide for the investigation
of environmental crimes’ (The Central Virginia Environmen-
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tal Crimes Task Force, 2005). Although the purpose of this
document is to provide practical information for the inves-
tigation of potential environmental crimes, its scope is also
limited to evidence collection and preservation. There are
manuals/handbooks prepared by many other US States on
Environmental Crimes, like the ‘New Jersey Environmen-
tal Crimes Handbook’, ‘Louisiana Environmental Crimes
Handbook’, etc., but the focus is on listing different types
of environmental offenses and the legal provisions to tack-
le those offenses. The ‘Royal Solomon Islands Police Force
(RSIPF) Environmental Crime Manual’, although elaborate,
focuses on types of environmental offenses, legal provi-
sions against those offenses, procedures in its trial and the
punishments.

The environmental statutes of many countries have
provisions regarding the procedure of collecting samples
as part of environmental enforcement, for example Sec-
tions 10 and 11 of The Environment (Protection) Act, 1986
of India or Section 108 of the Environment Act, 1995 of the
UK. Adherence to these provisions are important to convict
the polluter, and hence important for an investigating ex-
pert to know.

The manuals, guidelines and statutory provisions dis-
cussed above do not go into detail on the vast variety of
different techniques available to an environmental forensic
expert. Although these manuals present very important in-

formation, the expectations from a comprehensive manual
for environmental forensic investigation is that it should
provide clear and in-depth details on all aspects of the in-
vestigation of an environmental crime. This would help an
investigator to carry out the investigation effectively, even
if (s)he is a novice to the field. More importantly, it will help
the judiciary, which is otherwise not trained in the technical
aspects of investigation, to verify if the procedures adopt-
ed in the investigation are scientifically sound and decide
on the merits of the case.

3. SOME SUGGESTIONS FOR A COMPREHEN-
SIVE ENVIRONMENTAL FORENSIC INVESTI-
GATION MANUAL

The realization that environmental crime is an impor-
tant crime area has resulted in the formation of many
specialized environmental crime enforcement agencies in
countries across the world. There is also a suggestion to in-
tegrate environmental forensics to criminal investigation to
tackle convergence of environmental crime with tradition-
al crimes (Priya et al., 2023). Thus, there is an increasing
demand for environmental forensic experts. The situation
also calls for effective standards and guidelines for envi-
ronmental forensic investigation. The American Society for
Testing and Materials (ASTM) had set up a subcommittee,

Environmental Forensic / DETRITUS / Volume 27 - 2024 / pages I-lll Il



E50.06, to frame comprehensive guidelines for environ-
mental forensic investigation in 2005. But they could not
take off due to non-technical issues (Petrisor, 2005).

The legal requirements regarding the investigation of an
environmental crime may vary from place to place depend-
ing on the procedural and substantive laws in force relevant
to the case at the place. However, the technical aspects
like the sampling and analysis procedure to be adopted,
methods to ensure integrity of samples, interpretation and
presentation of the results of analyses, etc. are applicable
to all jurisdictions. This allows formulation of a ‘universal’
technical manual for environmental forensic investigation.

There is a lot of scientific knowledge on environmental
forensic investigation being generated in different parts of
the world. The journal ‘Environmental Forensics' focuses
on publishing latest developments in this scientific area,
the International Network of Environmental Forensics is
a Royal Society of Chemistry group holding annual con-
ferences to act as a forum for scientists, environmental
consultants, regulators and lawyers to share information.
There are also a range of excellent text books that pro-
vide detailed information on environmental forensics as
a whole (Morrison and Murphy, 2015), environmental fo-
rensics methods (Mudge, 2008), as well as environmental
forensics for specific groups of pollutants (Morrison and
Murphy, 2006; Wang and Stout, 2007; O'Sullivan and San-
dau, 2013). Over 3000 manuscripts have been published
on the topic of “environmental forensics”. So this is a
well-researched area, yet it can still be a challenge to trans-
fer this knowledge from the academic community into a
structured legal setting. If this information, spread across
different sources, can be brought to a common platform
and updated periodically, it will be a great resource for the
environmental forensic practitioners.

4. CONCLUDING REMARKS

Environmental forensics is important for the delivery of
environmental justice. Although it is a relatively new area
in many countries from a legal perspective, there has been
significant scientific advancement in the area in the last
two decades. Realizing the need for strict environmental

crime enforcement, many regulatory agencies have rec-
ognized the importance of environmental forensics. This
has resulted in the development of many basic guidelines
and manuals that can be useful for environmental forensic
investigations. However, considering the amount of new
knowledge being generated in the area, it is time the ex-
perts in the area come together under the aegis of an inter-
national regulatory agency like the INTERPOL, to develop
a comprehensive manual for environmental forensics, that
covers all aspects of an environmental crime investigation.
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1. INTRODUCTION

One of the main challenges in cities today is solid waste
and its inadequate management, along with the conse-
quences of this mismanagement for citizens. Additionally,
urban areas face numerous other waste-related challenges
that must be addressed. Urban sustainability hinges on ef-
fective solid waste management, particularly in light of the
growing generation of plastics, population expansion, and
increased consumption. Moreover, there are significant
bottlenecks in waste governance, such as the absence of
fiscal incentives and the lack of selective waste collection
programs (Alfaia et al., 2017; Pacheco et al.,, 2012). These
challenges have further increased by the surge in waste
volumes since the pandemic (Forlani & Njie, 2022).

Climate change and accelerated urban growth can com-
plicate the organization of our waste systems and exacer-
bate the problems associated with mismanagement. For
example, inadequate waste collection services and facili-
ties can lead to the clogging of urban drains during heavy
rain episodes, causing flooding scenarios. The population
is also more susceptible to diseases linked to waste expo-
sure, such as Leptospirosis, cholera, and other infectious
diseases. Lack of waste collection and littering cause en-
vironmental pollution, negatively impacting society, which
is further aggravated by inequality (Owusu-Sekyere, Attako-
ra-Amaniampong, & Aboagye, 2016). Selective waste col-
lection, on the other hand, prevents the spread of diseases
and ensures that waste is disposed of correctly, promoting
a more circular economy and decreasing greenhouse gas
emissions. Thus, improving solid waste management in
our cities enhances the quality of life for all citizens, espe-
cially those in vulnerable situations.

Involving youth in the development of urban waste
management policies is crucial for several reasons. Young
people are future inhabitants and stewards of urban en-
vironments, making their engagement essential for sus-
tainable solutions that directly affect them. Their fresh
perspectives and innovative ideas inject vitality into poli-
cy discussions, driving initiatives that promote recycling,
reduce waste generation, and advocate for responsible
consumption (Marchezini & Trajber, 2016). Additionally,

empowering youth in decision-making processes fosters a
sense of ownership and responsibility towards their com-
munities, leading to more creative and effective strategies.

Ultimately, by including youth in policy design, cities
can harness their energy, enthusiasm, and insight to create
greener, cleaner, and more livable urban spaces for all (Kal-
lio et al., 2013; Kallio et al., 2014; Kraftl, 2018; Walker, 2019;
Driskell, 2017). Rather than merely observing their living
conditions, children and youth can and want to contribute
to changing their urban environment and actively engage in
their community (Kania et al., 2020; Trajber et al., 2019). It's
important to recognize the potential of young people’s per-
spectives in driving changes in public policy (Walker, 2019).

Based on this context, our research explores ideas of
zero waste with grassroots actors and youth in Sdo Bento
do Sapucai (Sdo Paulo), Gongalves (Minas Gerais), Brazil,
and Victoria, Canada. The study engages students aged
between 12 and 14 years old, using participatory research
methods, including community mapping, group discus-
sions and workshops to capture their perceptions of waste
issues in their environments. While there are some studies
available on schools and food waste, there is a gap in the
literature on the generation of household waste on school
premises and their surroundings, recognizing the potential
of students as innovators to address this issue. The aim
of our study is to develop proposals for improving waste
management in the study region. This article discusses in-
itial results obtained from the interviews with teachers in
Canada and Brazil and from the student engagement on
the topic in Canada, highlighting the emerging innovative
ideas.

2. ZERO WASTE AS A DRIVER FOR GRASS-
ROOTS INNOVATION

The concept of Zero Waste serves as a catalyst for the
design and management of products and processes and
aims at systematically minimizing the volume and toxici-
ty of waste materials, especially plastics (Zaman, 2022).
It embodies a visionary approach encouraging individu-
als to alter their lifestyles and practices to prevent waste
generation, while ensuring that all discarded materials are
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designed to be utilized as resources for future purposes
(Tamminen & Lobin, 2022). Zero Waste fundamentally
challenges the notion that waste is inherently valueless
and an inevitable byproduct of consumption.

Zero Waste is an aspirational goal and serves as a cat-
alyst for enhancing waste management by addressing the
escalating waste volumes and advocating for policy re-
forms. It also means dedicating resources to environmen-
tal education and training, raising awareness and fostering
research to drive behavioral and consumption changes
(Gutberlet, 2016). Many cities and educational institutions
around the world are already embracing these principles;
and the city of Victoria in Canada is a good example for the
growing awareness about the need to change consump-
tion and discard habits (City of Victoria, n. d.).

Youth participatory action research emerges as a po-
tent strategy to amplify the voices of young people. Recent
studies exploring geographical knowledge within urban
environments have engaged children and youth, whose
perspectives offer valuable insights into tackling complex
challenges such as climate change, disaster risk reduction,
and resource security, while also proposing effective solu-
tions (Marchezini & Trajber, 2016). According to Trajber et
al. (2019), the knowledge and perspectives of young peo-
ple are often disregarded despite their disproportionate
vulnerability to socio-environmental impacts. Working with
social actors, that may have been previously outside the
policy process, such as youth and grassroots organiza-
tions can fill in missing links in promoting waste reduction
and resource diversion into the Circular Economy (Carenzo,
Juarez & Becerra, 2022).

Therefore, fostering youth participation is crucial for
achieving sustainable household waste management (Na-
Idi, 2023, Perera, 2016, Pulubuhu & Alhaqqgi, 2019). Mean-
ingful engagement with youth requires a space to learn
about these critical issues, and capacity building that sup-
ports youth as resilient innovators and champions.

3. PROJECT STEPS

The project envisages several steps, as outlined in
Figure 1, to learn from youth and grassroots actors about
waste challenges and zero waste perspectives.

At the outset of the research, we conducted a biblio-
graphical and documentary review on household waste
management issues related to the study areas. We identi-
fied and mapped zero waste initiatives in the study region,
building a database. Once we identified the schools to work
with, we presented the project to the school coordinators
and teachers and planned the interviews with the teachers
responsible for the grade 7 classroom. Next, we present
our initial results from the engagement with the teacher
and the students at Monterey Middle School in Victoria.
The project received approval from the UVic Research Eth-
ics Board (Protocol # 21-0406).

We conducted four 2-hour meetings and a final 1-hour
meeting with the students from this classroom. The first
meeting involved an introduction to the topic and group
discussions to brainstorm on the challenges that come
with waste and the perceptions of zero waste.

During the second meeting we applied the dynamic
group discussion format of the “world café”, to develop an
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FIGURE 1: Flowchart of research steps (Source: the authors).
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action plan with the students. They also identified students
to act as ambassadors for the project, who would collabo-
rate closely with the UVic team and future student ambas-
sadors in Brazil. The third meeting exposed the students to
a simulation on cooperative recycling in Brazil, supported
by Virtual Reality (VR), to educate the students on partic-
ipatory and grassroots initiatives in waste management.
Additionally, a participatory mapping activity was conduct-
ed where students marked on a printed map of the school
and its surroundings the main issues discussed in focus
groups. During the fourth meeting we provided feedback
on the mapping activity with the key findings. The students
then collectively constructed a ‘Dream Tree’ (see Figure 2),
where they wrote or drew their aspirations for a zero-waste
future on a leave which was glued to the tree. We also ap-
plied a questionnaire with 7 open ended questions and
provided the students with 15 to 20 minutes to conclude
this exercise. In our last meeting, the ambassadors pre-
sented their action plan to the classroom, and we finished
with a presentation answering the question: where does
our waste go? A similar research process will be applied
over the next months in the schools identified in Brazil. In
the following section we will discuss the findings from the
interviews with teachers in both countries and from the in-
terventions in the classroom in Victoria, Canada.

4. SOME INSIGHTS FROM TEACHERS AND
STUDENTS IN MIDDLE SCHOOLS IN CANA-
DA

Text The interviews with school coordinators and teach-
ers in Brazil reveal limited knowledge about Zero Waste
within schools. However, the interviewees expressed sig-

nificant concern about current waste management practic-
es. It was noted that there is a need to replace the school’s
trash bins and ensure that they are placed in appropriate
locations. Motivating students to reduce waste and use
bins correctly appears to be a significant challenge, high-
lighting the necessity for initial education and awareness
efforts. Another issue raised was the wastage of materials
such as paper and notebooks. Furthermore, the thought
seems to prevail that if rubbish is produced, it guarantees
the jobs of the cleaners; thus, it is not perceived as an issue
to change.

Another complex notion to work on is proper waste
separation. When asked to segregate in too many cate-
gories, it seems to make the task to sort more difficult
for the students. There have been lectures on selective
waste collection, but as they are infrequent, the students
end up forgetting the lessons. In other words, there is no
continuity in promoting best practices. According to the
coordinator of one of the schools, it is necessary to re-
inforce the theoretical part and find ways to turn theory
into action.

At Monterey Middle School, interviews with two teach-
ers revealed inconsistencies in waste management prac-
tices, a lack of information for both teachers and students
regarding consumption/waste behaviour, and a general un-
familiarity with the concept of Zero Waste among school
members. While students engage in discussions about
social justice and environmental issues, including climate
change, they struggle to connect their personal actions
with broader environmental impacts. Specific concerns
were raised about soft plastics from wrappers and snacks
brought from home. The interviews suggest a need for

FIGURE 2: Collective construction of the ‘Dream Tree' for zero waste (Source: the authors).
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developing a comprehensive waste management plan tai-
lored to the school’s needs, which could serve as a model
for other schools as well.

During the group discussions in the second workshop
with the students, we asked the following questions:

i. How is waste currently taken care of in your school?
What problems do you find? List the problems.

ii. How should the school deal with its waste (e.g., pa-
per, plastics, food waste)? How could students, teachers
and staff contribute to a better waste management?

iii. What could help schools in Victoria to become zero
waste? What could you specifically contribute? What prod-
ucts could be created by your class to help change the sit-
uation?

The questions helped us gain insights into the primary
waste management issues at Monterey school from the
students’ perspective, as well as generated ideas for solu-
tions and awareness-raising initiatives (see Figure 3).

With the participatory mapping activity, we were able
to locate the hotspots related to waste generation and
accumulation in the neighbourhood. This information will
help prioritize actions for a co-created waste management
program for the school. Using these maps, students can
pinpoint priority issues and show the real demands of the
school.

The various other classroom interventions contributed
to identify strategies for addressing the key waste-related
issues and to generate suggestions for interventions both
within and beyond the school. For example, students ad-
vocated for reducing paper and tape usage and suggested
that teachers utilize more digital resources and print only
when necessary. They also highlighted plastic tape as a
significant contributor to the problem due to its non-bio-
degradable nature. Furthermore, students emphasized the
importance of shifting perceptions around waste manage-
ment. Currently, cleaning up garbage is often employed by
the teachers as a punitive measure. The students propose
a paradigm shift: promoting waste sorting through positive
reinforcement rather than punishment.

Lastly, student ambassadors have committed to creat-
ing a poster and a presentation to disseminate information
about Zero Waste in other classrooms. Their aim is to raise
awareness among students about the issue and encour-
age sustainable practices.

5. FINALCONSIDERATIONS AND NEXT STEPS

Based on first research findings, there is an urgent need
to educate both students and staff on the importance of
effective solid waste management within schools and their
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FIGURE 3: Group discussion sheet with students’ perceptions (Source: the authors).
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surrounding neighborhoods. This education should include
teaching proper waste separation methods, assessing the
types of waste generated, understanding the associated is-
sues and implications within the school environment, and
collaboratively developing an action plan for efficient and
effective waste management.

The next steps in this project involve finalizing partic-
ipatory activities in schools in both countries, completing
the final products for each class (in the case of Monterey
school the outreach material such as a presentation and a
poster), and disseminating the project’s results and prod-
ucts.

In Victoria, the plan is to distribute the final products to
other schools, sharing acquired knowledge and promoting
the necessary measures for transitioning to more efficient
waste management in schools, raising awareness about
waste challenges in urban settings. In Brazilian cities, the
goal is to disseminate the produced materials to other
schools, contributing to citizen education toward achieving
Zero Waste goals and to also specifically target the semi-ur-
ban and rural areas adjacent to the towns under study.

Finally, we can already conclude that youth, as grass-
roots innovators, play a pivotal role in driving societal pro-
gress through their creativity, resourcefulness, and passion
for change. Unlike established institutions, youth bring a
fresh perspective unencumbered by traditional norms, al-
lowing them to identify unconventional solutions to press-
ing challenges. By harnessing their skills and innate curios-
ity, youth innovators not only develop novel solutions but
also inspire others to actively engage in problem-solving
activities. Our research findings, so far, suggest that young
people play an important role as grassroots innovators and
providing them with the necessary support and giving them
autonomy, they engage in promoting collective actions for
change, particularly if these actions are supported by their
teachers and can be followed up in the classroom.
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DETRITUS & ART / A personal point of view on Environment and Art

by Rainer Stegmann

Last December | visited the beautiful picturesque Zhang-
jiajie natural park in Wulingyuan in Hunan Province, China.
This UNESCO world heritage site consists of karst moun-
tains with up to 200 m high sandstone pillars. After two
days of hiking in this unique landscape (some call this area
also Avatar mountains) my guide showed me a very special
art museum: the Zhangjiajie Junsheng Sandstone Painting
Institute. This museum was named after Li Junshen the
founder of sand stone painting and houses only paintings
created in this technique. “Sheng Painting is a new kind
style which uses natural materials, like sand, stone, plants. It
makes a breakthrough about drawing materials developed
from minority ‘s art and absorbs the other style’s advantag-
es”. https://www.discoverzhangjiajie.com/junsheng-sand-
stone-painting-institute.html In this institute there is also
an education center where students learn this technique.

The artists use differently colored sand of different
grain size and sprinkle it on stone plates and other materi-
als. At the end the sand is fixed for preservation.

The results are amazing. | present 3 examples of very
different character. One can only see the grains of sand
when you get close to the painting. Amazing how he
achieves all the nuances like in an oil painting.

Li Junsheng. Flowers.
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Li Junsheng, Mountains.

Li Junsheng, Landscape.

These very beautiful sand paintings show the character
of the objects in an impressive way. But what has this kind
of art to do with waste? Sand and waste wood, plant resi-
dues that are also used as materials often become waste.
Large constructions may produce a lot of soil without fur-
ther use in that area. For non-useable sand and other kinds
of uncontaminated soils and inert materials the landfill
Category 0 was introduced in Europe with different require-
ments to be met. We experience more often that products
suitable for further use like textiles, smart phones and sand
become waste often due to non - available users and/or
for economic reasons. To find ways for further use of such
materials is one of the great challenges we are confronted
with in waste management. Sand painting will not solve
that problem but may point to it.

In the next issue of DETRI-
TUS | will present a sculpture
from N'Dorah, a well known
artist born in Cameroun now
living in Paris and Venice. She
is exhibiting also at the Ven-
ice Biennale. She uses differ-
ent materials including fibres
from different origin.
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