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Abstract

Sustainable landfilling plays a fundamental role either in providing an economic option for
municipal solid waste management or in closing the materials loop of the Circular Economy (CE).
A landfill is considered sustainable when the emission potential generated from landfills poses no
environmental risk and the quality of emissions achieves the Final Storage Quality (FSQ) within
30 years. The goal of this thesis was to pre-treat waste before landfilling for shortening the time
achieving the FSQ and assess the sustainability of a landfill. Thus, a three-year research
programme with painstaking efforts was carried out based on two main lab-scale works: washing
pre-treatment and column leaching test. Waste washing study evaluated the effectiveness of waste
washing prior to landfilling on reducing the emission potential and long-term impacts of three
different kinds of residues from municipal solid waste treatment on the environment. Results
gained from washing tests demonstrated that washing pre-treatment could stabilise the landfilling
waste by removing readily leachable contaminants and reduce long-term emissions as well as
shorten the time reaching FSQ limits significantly. Column leaching tests investigated the
influence of irrigation quantity and frequency on time achieving the FSQ and emission potential.
Results obtained revealed that values from column leaching tests could provide more
representative information in assessing the sustainability of a landfill and could simulate the real
emissions occurring under landfill conditions. Irrigation frequencies related to column leaching
tests had a significant impact on the reduction of waste emission potential, and it could be taken

into account to improve the in-situ treatments.
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1. Background

1.1 The Role of Sustainable Landfilling in Circular Economy

Circular Economy (CE) has replaced the traditional linear economy (take-make-waste) to
provide a global strategy for current solid waste management (SWM). The linear traditional
approach based on the extraction of raw materials, production, use, wasting and landfilling is
obsolete and progressively abandoned (Tisserant et al., 2017; Zeiss et al., 2021). The circular
approach primarily arises from a growing need for primary raw materials, as a consequence of
global economic development. Attention is currently shifting from the limited and fixed stocks of
raw materials to the increasing anthropogenic stocks of materials. This creates the base for the
development of different strategies for recovering of resources from waste (urban mining, circular
economy, etc.), mainly aiming at reducing the consumption of non-renewable resources,
recirculating the materials and minimising waste generation. In the concept of CE, the circular
approach of turning the generated waste into resources by using proper methods solves the issues
about the accumulative generation of residues that could not be addressed in a traditional linear

approach.

The emphasis placed in CE mainly focuses on the role of recycling, turning residues into
resources depending on the recovery of energy and material to close the material loop, which is
commonly described as a perfect cycle. Although the close cycle where the different life stages of
a product are represented: production — distribution — consumption - reuse/repair - recycling of
secondary raw materials to production, can be described as a perfect solution for addressing the
issues about resources and waste, a critical problem is ignored in the loop: where is the destination

of non-renewable residues, namely, the role of landfilling is completely missing.

In the waste hierarchy, a top-down triangle hierarchic set of actions which consists in:
Prevention, Preparation to Reuse, Recycling and Final disposal, demonstrating a highlight on the
first three types of waste management, but a quite ignoring attitude towards final disposal.
Consequently, the underestimated attitude toward final disposal leads to misinformation of public
opinion: landfill is no longer needed in circular waste management. In particular, landfilling has
been regarded as an “obsolete and polluting” system that should be abandoned (Cossu et al., 2020a),

which totally denies its fundamental but important role in waste management.



Although landfills play the role of a dustbin in the system and even the final dustbin is
missing in the closed material loop of CE, the negligence leads the politicians and the population

to underestimate a series of aspects dramatically, such as:

1. not all the waste can be effetely converted into recycling resources;
2. endless waste recirculation is not possible;

3. even recycling activities generate residues;
4

hazardous substances accumulate in recycled materials;

Obviously, landfills continue to play a fundamental role in deposing the non-recycling
residues in the waste management system. However, traditional landfills can no longer meet the
desire for pursuing the sustainability principle due to their both short and long-term emissions.
Building a sustainable waste management strategy is emergently needed not only in terms of
technology but also in the needs of practices. Thus, measurements should be taken on the
regulatory level to improve the sustainability of the system, assuring a final sink to close the

material loop and immobilize the contaminants.

Both in the concept of CE and waste hierarchy, the recycling process is highlighted due to
focusing on converting waste into resources and reducing the consumption of raw resources.
Recycling process in waste management can be outlined in four distinct stages: extraction,
selection, refinement and production, and each stage is able to generate various types of wastes
(gaseous, liquid and solid), leading to an enormous environmental burden (Demirbas, 2011;
Paritosh et al., 2017; Romano et al., 2019). In particular, a considerable amount of the solid non-
renewable residues generated in those stages eventually end up in a final sink: landfills, even
though landfilling of residues is not considered in the close loop of CE. All those residues
generated in the different stages immensely need to be treated in order to immobilize the potential

pollutants and avoid contaminating the environment.

Since it has been well-known that “zero waste” is impossible, and at least “zero waste” to
date cannot come true in terms of technology and theory, landfills as the final “dustbin” collecting
all non-recycling residues should be designed to achieve the sustainability principle. Even though
the final sink could be a “temporary sink” instead of a “permanent sink” due to the possibility of
reusing the “buried final resource” in the future, the concept of sustainability must be applied to

build a landfill in the waste management system. Thus, Back to the Earth Sites (BES) needs to be
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identified. BES is intended to store the residues generated by the circular economy in a non-mobile

and stable form to close the material loop (Cossu, 2016).

The role of the final sink in the waste management hierarchy must be taken by the landfill.
To achieve the goal of closing the material loop, sustainable landfills should replace the ‘‘nasty
and unsightly” landfills to keep the waste materials back to the earth sites in a safe and sustainable
way. As shown in Figure 1. 1, the role of sustainable landfill should be presented in closing this

circular approach instead of being missing.
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Figure 1. 1. The important role of sustainable landfills in circular economy, modified from the
previous studies (Cossu et al., 2020a; Mangesh et al., 2015) (W: Waste, M: Valuable materials, R:
Residues, P: Products) (i: different waste source, j: individual recovered fraction, k: pure materials

from the individual recovered fraction, h: individual type of product)

The concept of sustainability applied to landfills aims to provide a safe sink to store the
“temporary waste”, and also close the loop of CE by returning waste to their non-mobile state, as
they were before they were extracted from the ground to be used as raw materials. The final storage
quality (FSQ) is taken into the consideration in sustainable landfills to assure sustainability
principle. In sustainable landfills, treatment measurements (pre-treatments, in-situ and on-site
treatments, etc.) are taken on non-recycling residues to remove or reduce leachable contaminants

in order to enhance the quality of landfilling wastes. Multi-barriers (physical barriers) are taken
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into consideration in landfill design to prevent long-term emissions in order to reduce the burden
on surrounding environments. Real-time monitoring and aftercare measurements are applied to

keep landfills running in a sustainable way.

The abovementioned aspects demonstrate the importance of applying sustainable concept to
building the final sink, and also imply the indispensable role of sustainable landfills in closing

materials loop in CE.



1.1.1 Waste Hierarchy and the Limits of Circular Economy

The concept of waste hierarchy principle has existed for approximately 40 years, which is
prioritizing reduction, recycling and reuse of waste over treatment or disposal, and the concept
was first proposed in the Dutch parliament in 1979 (Pires & Martinho, 2019). Around 30 years
later (in 2008), the European Union approved the Waste Framework Directive (EU 2008/98) which
introduced and defined some concepts and definitions concerning the waste management, which
consists in the waste hierarchy. Since then, waste hierarchy has been a strategy guiding a clear way
in the holistic waste management system, which makes recommendations on the treatment of not
only end of life waste but also recommends a “waste hierarchy” that is applicable across the 28
member states of the European Union. As shown in Figure 1. 2, the hierarchy of actions consists
in: reduction of waste production (prevention), preparation to reuse, recycling (material recovery),

energy recovery and, lastly, final disposal or landfilling.

According to the top-down triangle rank, prevention was deemed the perfect way to
eliminate waste, and it aims to reduce the generation of waste from the source. The main goal of
the action is to reduce the amount of waste generated that could be possibly taken in each step of
the life of a product, and is also to reduce their negative effects on the environment and human
health, and the amount of hazardous substances in the products. The concept of prevention not
only affects producers’ way to generate production, but also can it have the influence on the way
to consumption by consumers. On the one hand, to accomplish the goal of prevention, producers
take lots of measures, for example, over-packaging will be abandoned, and eco-production
materials are taken more into account for packages stuff. On the other hand, consumers can prefer
reusable and refillable goods, buy only what is needed, share goods and buy second-hand products.
Besides, political and legislative decisions are the most important factor affecting the
implementation of action prevention, for example, decrees and legislation could extend producer
responsibility, and fomulation of regulations of penalties and rewards could encourage both

producers and consumers to follow a reduction in waste.

To some extent, prevention is the most perfect strategy in waste management due to the
reduction from the source. According to triangle rank, prevention is a priority in the waste
hierarchy. However, it is not easy to prevent waste generation in real life, especially in the

condition of exploding population. Apart from the factor of population, factors of social, economic



and resources, would result in harsh progress in the prevention of waste. Thus, prevention could
not possibly become the most practical method in the holistic system, though it continues to the

top hierarchy in the waste management system.

Preparation of reuse is followed by prevention, and ranks in the second hierarchy. According
to EU 2008/98, preparation of reuse is to “control, clean, dismantle and repair objects that became
waste, so that they can be reused without further pre-treatments”. Although this procedure seems
to be an approach to addressing the issues of waste generation, actions to promote and implement
it are missing; indeed, these actions about preparation or reuse are carried out by organizations

different from the ones that manage the waste.

Recycling not only plays an important role in waste management, but also is a critical step
in closing the material loop in CE. Recycling aims to recover both materials and energy generated
from discarded waste in order to obtain new products, materials or substances instead of
consuming natural resources. According to the European Directives 851 and 852 of 2018, by 2030
the target for recycling of municipal solid waste is set to 60% of the total waste produced (EU
2018/851); this recycling rate is set to 70% concerning packaging waste, with different goals
depending on the type of material. For instance, the recycling rates for plastic, paper and glass are
respectively 70%, 85% and 75% (EU 2018/852). Although these targets are very encouraging and
ambitious, and the data seems to be very powerful for the citizens, the matter of waste itself is not
taken into consideration, in terms of infinite material lifespan and recycled times. Thus, recycling
efficiency should be taken into account when it comes to the recycling step. Recycling efficiency
is defined by three important indicators in terms of material, energy and quality efficiency (Cossu

et al., 2020a), simply illustrated in Figure 1. 2.

Input

Recycling Process

Figure 1. 2. Recycling effiency affected by material, energy and quality efficiency. (M: material,

E: energy; Q: quality. x: different types of resource, i: input, and o: output)



Material efficiency (7,,) is the ratio between the material output (m, ) from recycling process

and the material input (m;) the recycling process, and the equation is as follows:

M = Mo /m; (L.1-1)

Energetic gain (E,) is the difference of the specific energy consumed for the production of

the virgin product (e, ) and for the recycled one (e,.), divided by the specific energy used to produce

the virgin product:

E, =e —e /e, (1.1-2)

Quality efficiency (n,) 1is the ratio between the quality of the product obtained from

recycling (Q,) and the product from virgin material (Q,,):

No = Q-/Qy (1.1-3)

Both material efficiency and energetic gain can be quantified according to some collected
data, while quality efficiency is not easy to be defined. Because in the recycling process, the quality
of the recycled materials mainly depends on their application, and the same recycled materials will

be required with different levels of quality due to different applications or practices.

Apart from material recovery, energy recovery is also very important and necessary in waste
management. It mainly aims to gain both materials with high energy value and heat generated by
the waste treatment process, such as heat from the incineration process, biogas from anaerobic
digestion and biofuel from the biomass gained from organic waste (Consonni et al., 2011; Ma et
al., 2018; Yaman et al., 2020). Those thermal processes can not only accomplish the goal of energy
recovery but also can they reduce the waste volume, consequently reducing the final disposal of
waste volume. However, energy recovery is a hot topic but not so widespread due to the need for
high-cost investment and specific technologies. Besides, the incineration ash and gases produced

during the thermal process will inevitably enter the final disposal step.



In the triangular hierarchic representation, final disposal ranks at the bottom of the top-down
triangle, which is deemed as the least preferred option. With the term disposal is intended landfills
as well as every biological, physical, chemical and thermal pre-treatment prior to landfilling (EU
2008/98). Landfilling is viewed as a sort of a dustbin in the system, in which to deposit all
unavoidable and non-recyclable wastes, together with residues from previous treatment, namely
all the residues from each previous step of the hierarchical waste management. Although landfills
are regarded as the final sink can accept all the residues which could be treated in the previous
steps of waste hierarchy, the long-term emissions from the landfills are always the most concerning
issues. Long-term emissions, including odour, gases and leachates, have a severe impact on the
surrounding environment, eco-system and citizens nearby. Thus, reducing the long-term emissions

and keeping landfills sustainable is important in terms of both technology and policy.

Current waste management practices are strongly influenced by the waste hierarchy, and
each phase of it is necessary to implement and important. The circular economy (CE) is a part of
this integrated system and should include every step of the hierarchy defined by EU 2008/98. In
2015, the Circular Economy Strategy from EU COM/2015/0614 (EU Commission, 2015)

defended the role of waste hierarchy.

Circular economy is currently a popular concept promoted by the EU, by several national
governments and by many businesses around the world. Unlike the traditional linear economy,
recycling the practical policy and business-orientated CE approach emphasizes product,
component and material reuse, remanufacturing, refurbishment, repair, cascading and upgrading
as well as solar, wind, biomass and waste-derived energy utilization throughout the product value
chain and cradle-to-cradle life cycle (Corvellec et al., 2022; Korhonen et al., 2018; Parajuly et al.,
2020). However, the content of the CE concept is not comprehensive in terms of both scientificity
and framework. The concept of CE mainly focuses on developing environmental sustainability,
and it contributes to closing the material loop by highlighting the recycling process. For this reason,
the concept seems to be perfect in the circular approach in terms of addressing resource issues.
The emphasis placed subsequently on the recycling of waste has promoted throughout Europe a
marked increase of separate collection, often perceived by politicians and citizens as the definitive

solution for any waste disposal problem.



Despite the recycling process closing the material loop, it ignored the disposal of
unrenewable materials and dramatically underestimated the importance of landfilling disposal. As
mentioned before, residues would be produced from all the stages in waste hierarchy management.
Even though, recycling contributes to converting waste resources into second resource (e.g.
material recovery and energy recovery), “by-products waste” is generated during the recycling
process, which is missing in the CE concept, consequently, the disposal is missing. Besides, in the
concept of CE, many key questions are still open. Material flows exceed man-made boundaries
and the complexity will increase when new uses are found for the existing flows, the basic idea of
CE. Furthermore, the utilization of bio-based materials and biofuels will have an important role in
CE. But the assessments of the actual environmental impacts of biofuels (Holma et al., 2013;
Mattila et al., 2010), biomaterials (Weiss et al., 2012) or various types of eco-efficiency initiatives
(Huppes & Ishikawa, 2009) still face many unresolved methodological and other limitations, e.g.
those concerning the common method of environmental life cycle assessment (LCA) in these types
of cases. Controversy about the concept has continued since its inception, and critiques about it
have also existed, in terms of environmental, economic and social sustainability (Corvellec et al.,
2022; Cossu et al., 2020b; Hobson, 2021; Korhonen et al., 2018). As shown in Table 1. 1, the
limitations and challenges of CE were summarized in terms of two aspects: scientific sense and

framework.



Table 1. 1. Limitations and challenges of the circular economy concept, modified from (Cossu et

al., 2020a; Korhonen et al., 2018)

Limitations in terms of scientific sense

Limitations in terms of framework

= Not every material or waste generated can be
recycled

= Recyclable materials cannot be recycled an
infinite number of times

= Recycling activities generate residues as well

= Recycling activities cause the accumulation of
hazardous substances in the final products, thus
decreasing the quality of the goods produced

Thermodynamic limits

System boundary limits

Limits posed by physical scale of the
economy

Limits posed by path-dependency and
lock-in

Limits of governance and management

Limits of social and cultural definitions

Even if CE is recognised today as a necessary cornerstone of sustainable development, we

are still far from the “Zero-waste” idea, which remains a theoretical objective; moreover, it is not

prepared to manage the residues generated by recycling activities. Thus, to accomplish the goal of

reaching the real closing loop, final disposal or landfilling must be taken into consideration.

Furthermore, to reach the target of final sustainability in society, economy and environment,

measurements must be done on a regulatory level to promote sustainability of the system and allow

it to act as a virtuous sink to close the material loop and immobilize the abovementioned

contaminants.
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1.1.2 Role of Landfilling as a Sink for Closing Materials Circular Loop

The concept of circular economy (CE) has been introduced to the holistic waste management
strategy and it is imperative arises from the huge and still growing material turnover of modern
societies. CE mainly focuses on recycling to achieve resource availability in order to accomplish
the goal of closing materials circular loop. However, recycling processes are fed with materials
that contain not only useful and valuable but also hazardous substances. Numerous substances are
potentially shifted to recycling materials and pose risks to human health and environmental safety.
Although when it comes to recycling, lots of praise could be seen and little analysis describes the
fate of chemicals throughout the lifecycle of materials ending up in recycled products, the adverse
impact of detrimental substances on recycled goods does exist, for instance: carcinogenic
substances contaminate the asphalt cycle, heavy metals contaminate recyclable grit, and
brominated flame retardants and phthalates contaminate the plastic cycle (S. J. Chen et al., 2009;
Pivnenko, et al., 2016a, 2016b; Pivnenko & Astrup, 2016). Because of the accumulative
contaminates, those recycled materials could not be recycled infinitely, which is meant the final

disposal of those un-recyclable waste must be taken into consideration.

Moreover, the recycling procedure itself can generate residues. Recycling processes, in the
same way as procedures used in the processing of natural resources, can be outlined in four distinct
stages: extraction, selection, refinement and production, as shown in the recycling part of Figure
1. 1. Each of these stages produces residues that will subsequently need to undergo treatment in
order to render innocuous or immobilise potential contaminants; lastly, a final sink will need to be
identified in which to store the wastes safely and sustainably over an extended period of time, as
is the case with any type of natural cycle. According to Figure 1. 1, the total amount of generated
residue generated (Ryo ) is thus obtained from the difference between the diverse waste flows (W)
and the final products (Py), as described by the following mass balance equation (Cossu et al.,

2020a):

Rior = Z (Ri+Ryj+Riji+Rijyn) = z W; — th (1.1-4)
7 n

i,j,k,h

Considering the waste generation produces in each stage of the recycling procedure, thermal

treatment plants are deemed as an ideal final waste treatment option because they can not only
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accomplish energy recovery but also considerably reduce the waste volume. Inclusion of the
production of Solid Recovered Fuel (SRF) or Refuse Derived Fuel (RDF) could make most of
these materials ultimately end up in thermal treatment plants, while some are co-fired in other
facilities (coal power plants, cement plants, etc.) (Hilber et al., 2007; Y. Yang et al., 2021). For
these reasons, it becomes a very popular treatment in developed countries. For instance, countries
like Germany, Japan or Denmark seem to have completely abandoned the use of landfills, reducing
it to the 2-3%; whilst they do not consider the amounts of residues generated from waste
incineration, for example, fly ash and bottom ash, which are often landfilled or exported to other
countries (Cossu et al., 2020a). To make a clear understanding of the percentage of waste recycled,
statistical data should take into consideration all the flows of residues coming from other treatment
options. Cossu et al. 2020 made some assumptions in order to calculate in a more accurate way

the percentages of waste recycled, incineration and thermal treatment, which are:

« 60% of the recovered waste fractions become new products;

« 20% of the residues from the treatment of waste are thermally treated;

« 20% of the residues from recycling processes are landfilled;

« The residues from thermal treatment are landfilled for 20% and recycled for 10%;

« No material is recovered from landfills.

Considering these assumptions, it is possible to describe a completely different situation with
respect to the one obtained from statistical data. A large proportion of residues will finally end in
landfills instead of being recycled as we expected. Thus, the addition of final sink for closing
materials loop in CE is imperative and necessary. In Figure 1. 3, the non-renewable residues
generated from recycling and recovery procedures can be deposited in presence of the final sink.
As shown in Figure 1. 3, the amount of residues ending up in landfill is equal to the fraction FS
and the total amount of waste disposed in a landfill would be equal to the sum of the fractions from
recycling (FSrr), the one from thermal treatment (FStr) and the one directly landfilled (FS). In a
word, the disposal of waste is actually achieved through the production of end products in recycling,

together with gasification of material in thermal treatment and permanent depositing in landfilling.
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Figure 1. 3. Flows of residues among the main management options (modified from Cossu et al.,
2020a). (FSrr :fractions from recycling; FStr: fractions from thermal treatment; FS: the fractions

directly enter into the final sink)

Moreover, another important role of the landfill in CE is the reduction of diffuse pollution
(Cossu & Stegmann, 2018). In natural conditions, environmental protection measures are heavily
reliant on dilution. However, with time the concentration of pollutants in the water, air and soil
will increase. Many pollutants will accumulate over lengthy periods in the environment and create
a toxic local, regional, as well as global environment. Moreover, little is known about the long-
term behavior of nanoparticles, endocrine substances, etc. in the different media: air, water and
soil. Heavy metals remain indefinitely and may react with other elements, be adsorbed/absorbed
to particles, solubilized or chemically bound; even in a less mobile state, they may be mobilized
when the chemical/physical conditions change. Besides, biologically stable compounds such as
aromatics, chlorinated hydrocarbons and other xenobiotics, which may also be produced during
thermal processes, are often of low water-solubility; they will be adsorbed/absorbed to soil
particles or other surfaces and are distributed in the environment. Some of the compounds will be
degraded after longer periods of time, whilst others may remain or at times be converted into even
more hazardous compounds. Abovementioned facts demonstrate how dilution has never been, and

indeed never will represent a long-term solution. The ultimate goal is to prevent dilution as far as
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possible and aim to achieve the concentration and isolation of final emissions from the
environment. Although the circular approach of CE tried to prevent diffusion by recycling and
recovering materials and energy and diffusion of contaminants did reduce, diffusion of
contaminants continues to represent a problem and modern landfilling may represent, contrary to

the generally held belief, a tool for use in reducing the problem.

Therefore, the matter cycle including emission control strategies and final materials sink,
should be taken into consideration, as described by the scheme in Figure 1. 4, which was modified

from (Cossu & Stegmann, 2018).

andfill mining

] Anthropogenic stocks l

o

. Soil
Extraction of Fixed stocks

non-renewable raw materials

Figure 1. 4. Role of the landfill in the circular economy, modified from (Cossu & Stegmann, 2018)

Firstly, non-renewable raw materials are extracted from the soil for producing new
production; the extraction process mobilizes the substances that were stored in a non-mobile form
and generates residues. The final fate of a product is being disposed in a landfill after being used.
As mentioned before, all the waste management stages generate residues and those diffuse
emissions as well as are discovered at every stage of life of the product. The excavation of waste
from old landfills (landfill mining) provides additional resources whilst inevitably generating

emissions. In the end, the final waste generated needs to be treated to avoid the spreading of toxic
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substances that accumulated during the previous treatments. Indeed, contaminants must be

immobilized and a final sink must be identified to close the material loop.

The following mass balance can be determined considering this circular system (Cossu &

Stegmann, 2018):

E=AR+AL+3d; +1 (1.1-5)

Where:

E: extracted raw materials;

AR: recycled and reused materials (secondary raw materials);
AL: recovered materials from landfill mining;

d;: diffuse emissions of each process;

I: immobilized materials in the final sink.

Rearranging the equation (1.1-5), it is possible to make clear which are the actions necessary

to minimize and control the diffuse emissions (X'd;), obtaining the following equation:
Jd;=E—AR—AL—1 (1.1-6)
In order to minimize the diffuse emissions, the actions to carry out are:
Minimization of the extraction of raw materials (E);
Maximization of reuse, recycle and recovery of residues (4R; AL);
Maximization of immobilization of materials (I) in a final sink.

As for any cycle of chemical elements (e.g., biogeochemical cycles of carbon, nitrogen and
phosphorus), it is necessary to put back the material in a stable form. Although cycles exist in
natural environments in various ways depending on material forms, such as the biogeochemical
cycles the storage can be found in the marine sediments or in the atmosphere, for the residues of

the circular economy the final sink is the sustainable landfill.
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As mentioned above, all human activities undertaken will result in the production of gaseous,
liquid and solid emissions which, will finally go back to the earth sites (BES) in different ways or
forms, and in the majority of cases, those BES substances will exert a detrimental effect on the
environment. CE leads an ideal circular approach to close materials loop by recycling the waste
and reducing the consumption of raw resources. However, it cannot exist without the management
of the residues; in order to truly close the loop of materials, a final sink is necessary. Thus, building
a sustainable final sink to store non-renewable residues and prevent the diffusion of contaminates
to immobilize the potential pollutants and avoid the contamination of the environment, is the

correct way to truly close materials loop.
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1.2 Landfill reactor

Although landfill ranks at the bottom of the waste hierarchy strategy and has negative side
effects on the environment, it remains the most common method for waste disposal worldwide and
continues to be considered a reliable and low-cost alternative to final municipal solid waste
disposal (Torrente-Velasquez et al., 2020). To date, landfills have developed from uncontrol-
emission and polluted open dumps to modern highly engineered facilities with sophisticated
control measures and monitoring routines. However, in spite of all new approaches and
technological advancements, the landfill still is a potential risk in the long term due to long-term
emissions as the consequence of reactions taking place inside (Kjeldsen et al., 2002; Laner et al.,
2011, 2012; Sekhohola-Dlamini & Tekere, 2020), as shown in Figure 1. 5. Much of current landfill
design and technology has been introduced as a reaction to problems encountered at actual landfills.

Liquid Input Gas Input
(rainfalls, etc.) (air)

LANDFILL REACTOR

Mobile fraction of
contaminants

(Emission potential — S) Waste - P hysical reactions Uncontrolled emissions
* Biological reactions

* Thermal reactions

Not mobile fraction - X .

Liquid Output ~ Gas Output
(Leachate) (CH,, CO,, CFC)
Figure 1. 5. The concept of general landfill reactor. ( S: emission potential and X: non-mobile

fractions)

In general, landfills receive a variety of waste categories and types, including demolition
waste, industrial/commercial waste, and contaminated soil, but municipal solid waste with a high
content of organic waste always is a significant fraction (Christensen, 2011). The mix of received
waste varies over a wide range within and between landfills and will lead to large amounts of
reactions taking place in landfills. The principal reactions and processes that may occur are
biological decay, precipitation and dissolution of inorganic constituents, sorption of chemical
constituents, leaching of sediments, ion exchange, generation and diffusion of gases and movement

of dissolved materials. According to the reaction principle, landfilling reactions could generally
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be categorized into four main types, including chemical reactions (e.g. oxidation and precipitation),
physico-chemical reactions (e.g. dissolution, leaching, adsorption, desorption, etc.), biological
reactions (e.g. anaerobic and aerobic) and thermal reactions (e.g. combustion and pyrolysis)
(Christensen, 2011; Cossu & Stegmann, 2018; Kjeldsen et al., 2002). Thus, landfill is a kind of

reactor where chemical, physical, biological and thermal reactions are producing.

Landfill can be categorized into two main types of reactors in terms of technology,
conventional reactor and bioreactor, while bioreactor can be further subdivided into five types of
bioreactor: anaerobic bioreactor, aerobic bioreactor, hybrid bioreactor, semiaerobic bioreactor and
flushing bioreactor. As shown in Figure 1. 6, compared with conventional reactor which are
described with respect to the time-dependent development in gas and leachate quality as well as
quantity, the other five types of reactors are described with respect to depending on new
technologies and proper approaches to improving the quality of gas and leachates as well as

utilizing the gas and leachates.
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Figure 1. 6. Main technical differences of the various landfill reactors, modified from (Christensen,

2011; Grossule et al., 2018).

e Conventional reactor

Conventional landfill reactor generally receives a mix of waste without hazardous waste and
the buried waste is typically compacted to a wet density of 0.7 - 1.0 t/m? (Christensen, 2011). The
reactor is equipped with leachate and gas management systems or collection systems in order to
monitor and control the landfilling emissions. Because of lack of pretreatment, heterogeneity of
the waste, lack of mixing and very often low moisture content, the reactions taking place inside
landfill are very complex and can last for decades years or even centuries, consequently, landfills

constitute a long-lasting “reactor”.
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In the conventional reactor, the degradation of organic matter is predominantly anaerobic
(Adhikari et al., 2008; Erses et al., 2008; Ma et al., 2018). Although the initial degradation of
organic matter is aerobic in presence of oxygen, the aerobic degradation could not last a long time
(several days) as the oxygen contained in the air entrapped with the landfilled waste is used up.
However, the subsequent anaerobic degradation could not be described as one or two simple
processes due to a series of reactions, as well as the movement and mix between the old and young
leachates. With respect to gas and leachate composition the phases of the conventional landfill are
categorized into: (1) Initial aerobic phase, which lasts for a short period in presence of oxygen; (2)
Acidic phase, where the pH of leachate is lower less than 6 and volatile fatty acids (VFA) and
COg start being produced; (3) Initial methanogenic phase, where niches of near neutral pH value
exist, a balance between the acid formers and the methanogens evolves and CHj4 starts appearing;
(4) Stable methanogenic phase, where the rate of landfill gas generation peaks and CH4 generates
more than CO,, (5) Air intrusion phase, where air begins to intrude the outskirts of the landfill and
N> will appears in the gas; (6) Methane oxidation phase, where N, and CO> concentrations are
increasing, whilst CHy4 is at low concentration; (7) Carbon dioxide phase, where CO; is still
produced but in less quantity, and N> is now the dominant component in the gas; (8) Soil air phase,
where the organic matter is stable and gas with high concentration of nitrogen, 10 - 15% O; and 5

- 10% of CO; (Christensen, 2011).

All the phases are defined in a theoric way, the real reactor could have more complex
reactions and some of the phases could last longer or shorter terms mainly depending on the real

conditions and wastes.

The bioreactor is typically defined as a system purposely planned and operated for the in-
situ treatment of degradable waste with the aim of enhancing or accelerating conversion processes
(Grossule et al., 2018). The definition of bioreactor highlight the fundamental role of water and/or
air injection, leachate recirculation, enhanced cultivation and other combinations of in situ
treatments designed for allowing biochemical kinetics control, nitrification, pH, redox conditions
and moisture content adjustment (Christensen, 2011; Erses et al., 2008; Townsend et al., 2015)
Consequently, taking care of initial cultivation of bioreactor, controlling extraction of leachate
and gas, managing moisture content, recirculating process liquids and injecting air in waste body

can be the active actions efficiently applicable.
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In bioreactor, enhancement of landfill cultivation can be accomplished by mixing the
highly-degradable organic materials with construction and demolition waste for diluting the
acidity of landfill in order to build a suitable biochemical process (Christensen, 2011). The
moisture control in the bioreactor is very important for supporting the metabolic processes,
nutrients and microorganisms movement (Bolyard & Reinhart, 2016; Norbu et al., 2005). Thus,
the injection of treated leachate fractions, wastewater, wastewater treatment sludge as well as
freshwater can be theoretically useful to homogenize the reactor, control pH, redox conditions of
landfills. Furthermore, the application is proved to have positive effects in degradation kinetics
and methane production capacity (Mali Sandip et al., 2012; Norbu et al., 2005). Besides, air
injection in the landfill body can consistently speed up the biological processes due to the presence
of oxygen (Berge et al., 2006; Morello et al., 2016; Ritzkowski & Stegmann, 2013). The addition
of oxygen in the waste body causes the inhibition of methane production and the creation of a

different biochemical condition, involving different mircoogranisms and kinetic.

There are five main types of landfill bioreactors in terms of technology and function

(Christensen, 2011).

Anaerobic bioreactor is the most common application of bioreactor systems where
biological degradation is enhanced by means of leachate recirculation, as shown in Figure 1. 6
(b). It is similar to the conventional reactor, is managed under anaerobic conditions for improving
methane generation rate and recovering LFG but does not produce a significant impact on

ammonia removal, and degradation remains slow (Calli et al., 2005; Christensen, 2011)

Aerobic bioreactor (Figure 1. 6 (c)) is the system within the waste mass through forced air
injection. In the aerobic bioreactor, air circulation is promoted, increasing biochemical degradation
kinetics of organic substances, for example, increasing ammonia and COD removal kinetics up to
10-fold anaerobic ones, and inhibiting methane generation. The oxygen presence allows also

nitrification process, which can contribute to biological ammonium ion reduction.

Hybrid bioreactor, seen in Figure 1. 6 (d), is a system with a combination of aerobic and
anaerobic conditions to achieve the benefits of both of them (Cossu et al., 2016; Long et al., 2009;
Xu et al., 2014; Y. L. Yang et al., 2021). In the hybrid system, air injection can be controlled to

adjust the need for energy recovery or treatment of nitrogen compounds.
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Semi-aerobic bioreactor is based on the passive aeration of the landfill, in which natural flow
of the external air into the waste mass is moved through the leachate collection pipes by a

temperature gradient between the inside and outside of the landfill (Huy et al., 2020).

Flushing Bioreactor is a bioreactor in which supplementary liquids are added to the waste
mass for enhancing biochemical processes and favouring the release of soluble substances
(primarily ammonium, but also salts and hard COD) (Bolyard & Reinhart, 2016; Christensen,
2011). This system can be anaerobic, aerated or hybrid. The addition of moisture can be fresh
water, or treated leachate (Bolyard & Reinhart, 2016; Morello et al., 2016). However, the flushing
bioreactor requires a performance-based management and constant monitoring of the system

which is expensive. Thus, to date, there have been no full-scale applications published.

Although bioreactor landfills require a more sophisticated degree of management and
monitoring than a conventional reactor, it can have several advantages over conventional landfills,

from both an economic and environmental point of view:

1) Reduce the environmental burden due to the management of landfilling emissions
(collection of landfill gas and improvement of leachates);

2) Shorten the aftercare time and reduce the aftercare costs;

3) Enhance LFG in anaerobic bioreactor;

4) Increase the rate of settlement providing more capacity or a more stable surface for final

use of the site (Christensen, 2011; Grossule et al., 2018).

Despite the significant advantages of bioreactor, it can also have some disadvantages mainly

derived from the enhancement of biochemical process:

1) increased odours;
2) physical instability of waste mass due to increased moisture and density;

3) instability of liner systems, surface seeps, and landfill fires.

Considering practical application, the operation of full-scale bioreactors should take account
of the comprehensive factors in terms of technological, economic, environmental as well as social

influence.
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1.2.1 Multibarrier Concepts

Landfill as a final sink for storing non-renewable residues should be designed taking into
account the isolation of waste and the environment, in particular, the isolation of emissions
generated from the biological, chemical, and physico-chemical reactions taking place inside the
landfill. Emissions from landfills are mainly gas and leachate. While gas emissions are regarded
as the largest human-caused source of methane in the atmosphere and significantly contribute to
global warming, landfill leachate leakage —which contains high amount of organic matter, chloride,
ammonium and some hazardous compounds, which can severely pollute the surrounding
environment. Indeed, contamination of surface and groundwater by landfill leachate represents the
major environmental concern associated with the landfilling of waste (Rubinos & Spagnoli, 2018).
To reduce environmental concerns and keep the sustainability of landfills, barrier systems have to
be installed to minimize emissions. In this sense, the concept of multibarrier has been introduced

in planning or designing a landfill mainly contributes to reducing long-term landfill emissions.

In the design of a landfill, multibarrier consists of not only physical barriers, but aslo sitting
and morphology, due to the functions of barriers being both prophylactic and technical installations
(Figure 1. 7 (a) ). The physical barriers are commonsense barriers, which include top cover,
collection systems (collection of biogas and leachate), as well as lining, with the function of
controlling, monitoring and aftercare. With respect to sitting, the barriers that should be considered
are (Christensen, 2011): sitting should be built distant from important water resources and avoiding
physical damage to the landfill body as well as in geological strata providing subsurface
attenuation capacity in case minor leakage should take place. Concerning morphology, three main
types of landfill morphologies are used in the practice: below-ground-level landfill (typical design
of landfilling in exhausted pits), “slope” landfill and above-ground landfill. Each type of landfill
is designed for operation mainly depending on the local geography and geomorphology.
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Figure 1. 7. The scheme of multibarrier concept and different barriers and contaminant loads in a

landfill system, modified from (Cossu & Stegmann, 2018).

In addition to the traditional interpretation of multibarrier, the landfill itself can also be
considered as a barrier to the isolation of the emissions, and it is a cascade of different kinds of

barriers: a combination of valve barrier and reactor barrier, as seen in Figure 1. 7 (b).

Valve barrier consists of waste input barrier and water input barrier, in which no change in
contaminant quality occurs and the flow is practically convective (Cossu & Stegmann, 2018). With
respect to waste input barrier, the flow of contaminant contained in the waste to be landfilled, W,

can be regarded as a convective mass flow entering the system and can be expressed as follows:

n

Wp = Z crOr (1.2-7)

R-1

Where cr represents concentration of contaminant in the waste; Qr represents amount of

landfilled waste per day; n is number of different types of waste.
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Water input barrier can be deemed as the percolation of rainfall water, which moves through
the top cover system under the given climatic conditions, with the role of causing hydrolysis of
complex biodegradable organics, assisting the movement of nutrients and bacteria in the waste
mass and removing the soluble compounds. A hydrological balance in the system can be described

as follows (Cossu & Stegmann, 2018):

P,=P+]+R"—R—ET + AU, (1.2-8)

where P is precipitation; J is irrigation or leachate recirculation; R is surface runoff; R
represents runoff from external areas; ET and Us represent actual evapotranspiration and water

content in top cover soil, respectively.

Reactor barriers can consist of four types of barriers, as shown in Figure 1. 7 (b): waste
body barrier, drainage and collection barrier, lining barrier, as well as geological and
hydrogeological barrier. Among those barriers, waste body barrier can be further subdivided into
three subbarriers: (1) the reactor barrier, (2) the hydraulic waste barrie and (3) the daily cover

barriers.

(1) the reactor barrier is the transformation process of contaminants within the waste body,
and the mass balance for the transport of contaminants within the landfill reactor can be expressed

by the following equation (Cossu & Stegmann, 2018):

n

d
Vit = > calr = 390 — €05 — 13Vs (1.2-9)
t

R=1

Where c3 is the concentration of contaminants; Q3 is the leachate flow, and V is the given

volume.

(2) the hydraulic wate barrier with the function of physically controlling the liquid flow
through the waste, the Darcy law is a proper way to be used to describe the flux of leachate through
the waste layer (Cossu & Stegmann, 2018), as follows:
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h
U3 = fszlE:kR_g

. (1-10)

Where, kg is the hydraulic conductivity of waste; vs is the Darcy velocity; Q3 is the leachate
flow; A is the surface of the waste layer; i3 is hydraulic gradient in the waste layer, h3/Ls; h3 is the

leachate head in the waste layer; L3 is the thickness of the waste layer.

(3) the daily cover barrier is built to control the liquid flow and transformation processes

within the cover layers.

Biogas collection system is a fundamental role in a landfill management system due to
energy recovery and LFG collection. The following equation could be used to describe the flow of

contaminants associated with landfill gas emissions (Cossu & Stegmann, 2018).

—— (1-11)

Where w, is the contaminant mass flow; c3¢ represents gas-phase concentration of the

considered contaminant; and Qs is the gas flow rate.

The drainage system typically consists of perforated collection pipes laid directly over the
barrier, covered by a drainage layer of coarse granular material. The barrier is generally sloped so
that a ridge or drainage divide is located midway between adjacent parallel collection pipes.
Liquids percolate downward into the saturated zone directly overlying the barrier, and then flow

downslope to the collection pipes (Bruce et al., 1989; Koda et al., 2016).

To prevent leachate from leaking out of landfill, the lining barrier is the fundamental system
in landfill design. In general, a lining system consists of either geomembrane and a compacted
clay liner or a geomembrane, a geosynthetic clay liner and a soil liner (Tang et al., 2018). Besides,
a leachate collection system is required in linning barrier design, in order to collect leachate,
discharge the leachate at defined points out of the disposal area, as well as avoid an accumulation

of leachate above the bottom liner (Cossu & Stegmann, 2018).

Although the concept of multibarrier has been introduced in modern landfill design, one
thing should be noticed that is not all barriers would be feasible in every case. Several factors

should be taken into the design of barriers: types and qualities of waste, surrounding environment
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in terms of both geological and humanistic environment, monitoring and aftercare system, as well

as maintenance and contingency plan (Christensen, 2011).

1.2.2 Evolutions of Barriers
Evolutions of barriers are developed with the increasing need for sustainability and the long-
term safety of landfills. The barriers conceived have marked the technical development of landfills

(Figure 1. 8), following the cultural development of modern society and reflecting the growing

social and political awareness of environmental issues.

.
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Figure 1. 8. The development of concepts, technologies, and management procedures for landfill,

modified from (Cossu, 2010).

Open dumping of MSW poses high risks to human health and the ecosystem as toxic
compounds are released into the atmosphere and the environment, including dioxins and dioxin-
like compounds (polychlorinated dibenzo-para-dioxins and polychlorinated dibenzofurans)
(Prateep Na Talang & Sirivithayapakorn, 2021). As shown in Figure 1. 8, around half a century
ago, uncontrolled dumping was the dominant waste disposal way. Although nowadays this form

of waste management has been regarded as obsoleted waste management and it is not supported
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by means of environmental control, it remains to be applied in many countries, in particular in

developing countries (Ajibade et al., 2021; Prateep Na Talang & Sirivithayapakorn, 2021).

With the increasing concerns about environmental safety, in the 1960s, the utilization of
uncontrolled dumping was gradually taken place by controlled tipping in industrial countries. In
form of controlled tipping waste management, barriers started to be introduced to prevent the
diffusion of contaminants, monitor leachate and control scavenging. However, in the controlled
tipping leachate and biogas were not collected and treated, most of them were released into

surrounding environments, resulting in pollution in groundwater and the atmosphere.

When simple physical barriers could not meet the demands of prevention of emissions (e.g.
biogas, leachates and odours), new barriers with more functions were introduced into the landfill
design. A series of management systems were built in contained landfill consisting of lining
systems, leachate and biogas collection systems, as well as surface capping, in order to accomplish
the goal of preventing and treating emissions. In the contained landfill, collected leachates were
subjected to subsequent treatment and disposal dictating the need for specific technologies, in
order to remove the high organic, and ammonia content and the wide quality variation linked to

landfill ageing. Biogas was exacted for being flared or energy recovery.

However, contained landfill was discovered with the problems of management costs and
long-term accumulative contaminants, implying the need for developing more functional landfills.
Residual landfill was developed based on a hierarchical view of waste management and rapidly
became an international reference strategy. Although residual landfill continues to keep the
characteristics established for the contained landfill, it rather constitutes a deposit for residual
wastes. Based on the waste hierarchy concept: waste prevention, material reuse and recycling, and
energy Recovery, the establishment of a residual landfill is to achieve the final aim of reducing the

waste volume, minimizing the LFG generation, and lowering environmental impacts and risks.

Although residual landfill with the multibarrier approach to addressing the environmental
and treatment as well as post-closure issues, landfill as a final sink storing a large amount of
residues itself becomes a problem. Moreover, residual landfill did not develop at the same pace as
environmental sustainability requirements, based on avoiding leaving future generations to
manage unacceptable environmental burdens. Thus, in the concept of the modern landfill, a landfill

must be built with the sustainability principle, which is meant the landfill can reach an equilibrium
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with the surrounding environment over one generation, stabilising the landfilling waste and

immobilizing uncontrolled emissions, as well as closing the material cycle.

A simple physical commonsense barrier is far from getting landfill to achieve environmental
sustainability. For this reason, the multibarrier concept introduced can not only include a series of
preventing, collecting and monitoring systems, but also include pretreatments (e.g. washing,
thermal treatment and mechanical biological treatment) (Cossu & Lai, 2012; Danthurebandara et
al., 2015; Fet et al., 2018) and in-situ treatment measures (e.g. flushing, irrigation and aeration)
(Bolyard & Reinhart, 2016; Lii et al., 2012; Raga & Cossu, 2013). Furthermore, both pretreatment
and in-situ treatment can significantly enhance the quality of landfilling waste to achieve Final

Storage Quality which is an important value to evaluate landfill sustainability.

Barriers are one of the most fundamental and important parts of landfill design, due to their
role in reducing the release of environmental-impacted emissions. Considering the long life of the
landfill and the emissions from the continuous reaction inside, the lifespan of barriers, the control
efficiency of barriers, as well as relevant maintenance should be taken into account in landfill

design strategy.
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1.2.3 Problems of Traditional Landfilling

Although landfills are regarded as an obsolete system due to issues in terms of land
consumption and long-term impacts on the environment, landfill continues to play an important
role in waste management, in particular in closing material loop in a circular economy, providing
in line with the Back to Earth concept, a sink for all those substances and materials that would
otherwise remain dispersed in the biosphere, thus adding to diffuse environmental pollution (Cossu,
2016). Landfills as a final sink for the storage of non-renewable residues must be designed in a
sustainable and safe way to guarantee long-lasting safety. However, in many cases, landfills are
seen as a simple and economical means of disposing of waste, and from a political, legislative and
technical viewpoint they are frequently denied the attention devoted to other engineering works,
lacking adequate financial investment to cover the costs required to ensure a sustainable landfill

system (Grossule & Stegmann, 2020).

In a traditional landfill, received waste generally contains untreated or partly treated organic
matter and thus produces gas as well as contaminated leachate. The term reflects the fact that the
presence of organic matter in the landfill and the degradation reactions that it undergoes make the
landfill a reactor that must be engineered in order to control the gas and leachate that it produces.
Physical barriers are regarded as the most commonsense technology applied to keep the safety of

a traditional landfill.

Barriers are engineered in the design of the traditional landfill, graphically depicted in
Figure 1. 9. In a landfill, potential waste contaminants are essentially present in either a
mobilizable or non-mobilizable form. To control the emissions and risk of contamination in both
the short and the long term, barriers are used. As shown in Figure 1. 9 (b), the mobile contaminant
fractions generated from open dumps without any barriers are continuously released into the
surrounding environment at the peak during the operation time. The quality of emissions (gases,
odours and leachates) could not reach equilibrium with the environment even after a certain long
time (30 years) of landfill closure, which is meant open dump keeps polluting environments in the
short time and the long time due to non-protection measurements. Compared with the open dump,
traditional landfills with barriers can effectively prevent releasing emissions. However, traditional
landfills could not guarantee long-lasting safety due to the limited lifespan of physical barriers

Click or tap here to enter text.. (Laner et al., 2011, 2012; Rowe, 2005)Although barriers can prevent
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the mobile contaminant fractions releasing during the landfill operation period, the condition of
the barrier system can deteriorate over time, once the barriers break, all the contaminants can be
released into the surrounding environment and cause severe pollution. As seen in Figure 1. 9,
untreated odours, gases and leachates will be released to the atmosphere, groundwater and soil,

and the quality of emissions will break the safe limited levels and cause damage to the surrounding

environment.
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Figure 1. 9. Main issues associated with the open dump and traditional landfill (a); time trend of
the emission potential for release of contaminants from a landfill (b), modified from (Grossule &
Stegmann, 2020). Smax: the maximum amount of releasing a possible mobile fraction of

contaminants; Ssust: the emission potential reaches a value in equilibrium with the environment.

Moreover, the presence of barriers could not improve the quality of landfilling waste, to
some extent, barriers could even cause deterioration of the inside environment of landfills due to
the accumulation of moisture and changes in pH value of accumulative leachates. Besides, in terms
of financial sense and lifespan of capacity, a traditional landfill is costly(Al-jaf & Al-ameen, 2021;
Berge et al., 2009). Because once the landfill reaches permit capacity, the waste input will stop
and so will the company’s opportunity to recoup their expenditure. At this point, the company will
need to increase their expenditure on securing an engineered cap to keep out moisture and conduct
landfill gas collection, maintenance and monitoring for decades. At the same time the company
will be looking for a new landfill, and if successful the procedure begins again, whilst all the time

the waste continues to be generated and is in need of safe disposal and treatment (Read et al., 2001).
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For those reasons, a traditional landfill could not achieve the sustainability of a final sink,

consequently, it could not truly close material loop in a circular economy.

Accordingly, to achieve the principle of environmental sustainability and reach the
equilibiruim with the environment, establishing a landfill should take into account not only the
barrier systems, but also the quality of landfilling waste (pre-treatment) as well as the landfilling
conditions (in-situ treatment) (Grossule & Stegmann, 2020). A sustainable landfilling concept

should be also applied to the design of a landfill.
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1.3 Sustainable Landfilling

Landfilling is considered the least preferable option in solid waste management according to
the waste hierarchy. Nevertheless, landfills continue to play an important role in solid waste
management worldwide with respect to cost and technology. Especially in some low-income
countries, landfills are still the main disposal method of waste management (Dhokhikah &
Trihadiningrum, 2012; Zohoori & Ghani, 2017). However, in a modern waste management system,
a landfill with the simple function of storing waste is far from the social and environmental goals
due to the environmental issues arising from traditional landfills, in particular the long-term
emissions (gas and leachate). The design of landfill must be safe and sustainable, in order to
provide a final sink for non-renewable residues from the circular economy and close the material
loop. But the sustainability principle in a traditional landfill can not be achieved due to the lack
of sustainable design in landfills. The physical barriers system can not prevent long-term emissions
or improve the quality of landfilling waste, consequently, gas and leachate generated from landfills

will leak into the surrounding environment due to the broken barriers and cause lots of pollution.

Accordingly, one of the major issues in the landfilling of waste is compliance with
environmental sustainability in terms of control of long-term emissions (gas and leachate) and
compliance with final storage quality (FSQ) of the landfill (Cossu & Stegmann, 2018; Heimovaara
et al., 2014; Laner et al., 2012). To achieve sustainability in the final deposal of waste,
sustainability must be introduced into landfill design. Physical barriers system continues to be the
fundamental part of sustainable landfilling, contributing to preventing the leak of emissions and
assuring the safety of the surrounding environment during a certain period (depending on the
lifespan of barriers). Apart from the traditional physical barriers, active barriers with a combination
of treatments (pre-teatments and in-situ treatments) should be implemented throughout the
different life stages of a sustainable landfill, in order to stabilize the waste and reduce the long-
term mobility of pollutants. In this case, the sustainable landfill can keep safety both in a short

time (operation period) and a long time (post-closure care period).

The application of sustainable landfilling aims to not only keep the long-term safety of a
landfill, but also plan the current economic and social development with the purpose of
guaranteeing the same possibilities of the present generation to the future ones. Thus, achieving

sustainability in landfilling is an essential need for both environmental and social development.
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1.3.1 Definition of Sustainable Landfilling

As above mentioned, landfilling constitutes an unavoidable final step in waste management,
being aimed at bringing no-renewable residues back to the stable form they were in before the
extraction from ground and their use as raw materials (Cossu, 2016). The application of the
sustainability principle into landfilling mainly aims to guarantee environmental protection and
health safety during operation and post-closure care of the landfill. Thus, sustainable landfilling of
waste should keep waste in a stable state in terms of chemical and biological senses, in order to
obtain equilibrium with the surrounding environment as well as a closure of material loop. For
those reasons, a sustainable landfill can be defined as a landfill, both in operation and post-closure

period, having a stable structure and poses no environmental risk (Vaverkova, 2019; Westlake,

1997).

To comply with the task of sustainability, the sustainable landfill can not rely only on
physical barriers but on further measures of protection. These measures consist in the multibarrier
system which is composed by different levels of protection formed by physical barriers, active
barriers and control of the quality of input waste. Measures applied to landfills should ascertain
the whole life phase of a landfill is in line with sustainability, both in the operation and post-
closure . Thus, actions aimed to reach sustainability should be taken in each stage of landfilling

waste, as shown in Figure 1. 10.
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Figure 1. 10. The multibarrier concept in the sustainable landfill. A: waste minimization; B: pre-
treatment; C: biogas and leachate management system; D: in-situ treatment; E: top cover; F: lining;

G: siting and morphology, modified from (Grossule & Stegmann, 2020).

34



Landfills store huge quantities of mobile or non-mobile waste. The mobilizable fractions
contained in landfilled wastes and exposed to the atmosphere, groundwater or soil are in line with
their characteristics of degradability and leachability, which pose a high risk to the environment
(Laner et al., 2011; Sayadi et al., 2015). Physical barriers are one of the most effective instalments
in controlling those mobile contaminants fractions. Physical barriers consist of top covers, clay
lining, drainage systems as well as gas and leachate collection systems, which mainly aim to collect

and treat the leachate and gas to avoid uncontrolled emissions spreading in the environment.

Apart from avoiding the emissions spreading, enhancing the quality of buried residues is
also an important method of achieving landfilling sustainability. Both pre-treatments and in-situ
treatments can be applied to achieve this goal. Pre-treatments can minimize the emission potential
of waste prior to landfill by means of physical, biological and thermal methods, in order to comply
with the final storage quality and equilibrium with the surrounding environment. Moreover,
physical treatments may consist in shredding and sieving in order to homogenize the waste mass;
whereas biological treatments consist in aerobic or anaerobic degradation processes to stabilize
the organic putrescible fractions (Grossule & Lavagnolo, 2020; Vallini et al., 1991). Boosting the
biochemical stabilization of landfilling waste and guaranteeing an adequate FSQ can be also
achieved by means of in-situ treatments, for instance, flushing, aeration, etc. These measures can
be implemented either during the operational phase of the landfill or during the post-closure phase.
Due to the types of in-situ treatment, landfills can be classified into several bioreactors: anaerobic
landfill, aerated landfill, semi-aerobic landfill as well as hybrid landfill. Boreactor landfills can
lead to faster mineralization and stabilization of municipal solid waste by accelerating anaerobic
degradation of biodegradable components (Nanda & Berruti, 2021). Achievement of the aims of
environmental sustainability is guaranteed in those bioreactors by multiple benefits afforded by
in-situ treatments, including reduced time frame for interventions and lower post-management
costs, shorter duration of environmental responsibility for the landfill management, accelerated
reduction of emission potential (due to an increased degradation and leaching) and mechanical

stabilisation of the waste mass (Grossule & Stegmann, 2020).

The sustainable landfilling concept comprises the above-mentioned actions and measures to
achieve the goal of ensuring that emissions can be ascertained within a safe level during operation

and post-closure.
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1.3.2 Role of Waste Treatment

In order to comply with the sustainability concept, a landfill should reach an acceptable
equilibrium with the environment within one generation time (30 years) (Cossu & Stegmann,
2018). A series of technologies and tools are applied in practice for reaching sustainability. One
of the most important management methods is waste treatment, due to its immobilization of

contaminants and enhancement of waste quality.

Landfilling waste poses a potential risk to the environment mainly depending on the mobile
fractions of contaminants. The mobile contaminants fractions can transform and pass from
different phases due to their characteristics of degradability and leachability, consequently can
lead to pollution both in atmosphere, groundwater as well as soil (Grossule & Stegmann, 2020).
Waste treatment is regarded as the effective method of controlling or removing the mobile
contaminants fraction in order to reach the environmental equilibrium. Different waste treatments
can be applied during different life phases of the landfill to achieve FSQ, for instance, pre-
stabilization of waste prior to landfilling and in-situ treatment of enhancing biodegradation during

landfilling or the aftercare phase, as shown in Figure 1. 11.

Pre-treatment In-situ treatment Aftercare
waste
| Controlled Sustainable landfill
~ emissions
___uncontrolled
o B I —  emissions
Final storage quality — FSQ:
Residual waste emission potential,
compatible with the environment.
Gasified carbon Leached carbon Mobile carbon Stable carbon FSQ

Figure 1. 11. Mobile contaminants are removed by means of waste treatment in order to achieve

the final storage quality in sustainable landfills.

Based on the life phase of the landfill, treatment processes can be classified into pre-

treatment, in-situ treatment and aftercare treatment.

e Pre-treatment
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Considering treatment processes, pre-treatments can be classified as physical, physico-
chemical, chemical-physical, biological as well as thermal treatments. Each form of pre-treatments

corresponds to different operations and gains different effects, as shown in Table 1. 2.

Table 1. 2. Classification and description of unit applied in waste pre-treatment, adopted from

(Grossule & Stegmann, 2020).

Process Unit operations Aim
) e  Shredding e  Pre-treatment, recovery of refuse-derived
Physical
e  Sieving fuel (RDF)
e  Anaerobic digestion e Biological stabilisation
Biological e Aerobic stabilisation e  Resource recovery (methane, hydrogen,
e  Composting compost)
e  Combustion e  Reduction of waste volume
e  Pyrolysis e  Destroying of organic contaminants
Thermal
e  Qasification e  Energy recovery
e  Thermal incineration e Recycling of ashes
e  Washing (with or without chemical agents) of inorganic e  Removal of contaminants

Physico-chemical . o .
waste e  Reduction of emission potential

e  Reducing leachability

. . e  Solidification by both inorganic (e.g. Hydraulic binder) e Increasing mechanical stabilisation
Chemical-physical ) ) )
and organic (e.g. Thermoplastic materials) reagents. e  Resource recovery (recycling of stabilised
material)

Among those treatments, both biological treatments and thermal treatments are applied in
practice and both of them aim to obtain biological stabilisation of waste and reduce the volume of
residues. In general, a combination of treatments is often applied to achieve the goal of
minimization and reduction of waste economically, for instance, biological pre-treatment is
combined with mechanical processes to afford the mechanical biological treatment (MBT), the
aim of which is to stabilise undifferentiated wastes prior to landfilling and compact volume of
landfilling waste (Ponsé et al., 2010; Soyez & Plickert, 2002.). Moreover, the combination of
thermal treatments and co-processing methods may not only reduce the waste volume before
landfilling but also recycle or reuse the waste resources, for example, combustion co-processes

with physicochemical washing treatment can be able to gain excellent contaminants removal and
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can recycle the residues as the road construction materails or cement production (A. A. Abbas et

al., 2009; Di et al., 2006; Trebouet et al., 2001).

e In-situ treatment

With respect to economical and technical issues, waste pre-treatment might be insufficient
in achieving long-term stabilisation of waste and leaching contaminants. Due to the long-lasting
reactions taking place inside landfills, leachate and gas can be unavoidably generated over time.
To address emission issues during the routine operation of a landfill, in-situ treatment must be

implemented in landfills.

All in-situ treatments are applied by means of biological processes to obtain the biological
stabilisation of landfilling waste. Based on the different unit operations of in-situ treatment
adopted in landfills, landfills can be categorized into several types of bioreactors corresponding

with specific aims, which are described in Table 1. 3.

Table 1. 3. Classification and description of landfill bioreactors, modified from (Grossule &

Stegmann, 2020).

Types of bioreactor Unit operations Aim

e Improvement of biodegradation and leachate quality
Anaerobic landfill  Leachate recirculation e Enhancement of biogas in a shorter time

e Better removal of soluble compounds

e Improvement of biodegradation kinetics
Aerated landfill Forced aeration e Reduction of methane dispersion

e Removal of nitrogen

e Acceleration of biodegradation kinetics
Semi-aerobic Natural aeration e Removal of nitrogen

e [ow cost

The objective of treatment methods of any life phases applied to waste forwarded to final
sustainable disposal should be that of removing, transforming or immobilising potential

contaminants into a stable form. The combination of pre-treatments and in-situ treatment can be
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suitable for the quality of emissions to reach an acceptable effect on the environment and to achieve

a sustainable state of landfilled municipal solid waste.
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1.3.3 Final Storage Quality

A landfill may be considered sustainable if emissions do not significantly modify the quality
of the surrounding environmental compartments: air, water, and soil (Cossu & Hans Albert, 2014;
Westlake, 1997; Widomski et al., 2017). This status should be reached over the time frame of one
generation. Accordingly, the final storage quality (FSQ) can be defined as waste quality reached
by emissions and waste at a specific point in time, when all active control measures can be safely
removed (Cossu & Stegmann, 2018). In order to guarantee sustainability, the equilibrium with the
environment should be reached within a certain time, commonly taken to be around 30 years after

the closure of a landfill.

Although perpetual care of a landfill to ascertain environmental safety seems to be
reasonable in terms of theory, perpetual care is rarely applied and could not fit with the economic
and sustainability principles. In general, the time based aftercare termination is used methodology
prescribing to terminate the aftercare after 30 years with respect to the landfill owner's duties.
However, it can not guarantee that the landfill has reached environmental acceptability within so-
called aftercare termination. Therefore, the design of a sustainable landfill should be based on the
kind and amount of landfill emissions achieving the FSQ in a sustainable period, subsequent to
which the aftercare phase can be truly terminated. With the respect to the cost, long-term emissions
should be maintained within the FSQ values in order to the consequent cost of environmental
remediation. The financial provisions are set to cover the aftercare costs for 30 years according to
the environmental legislation (Directive 1999/31/EC and D.Lgs. n.36/2003), thus, the pollution
caused by emissions after the termination of aftercare, financial support probably will not cover
this part of remediation anymore. Therefore, landfilling emissions achieving the FSQ is critical

based on the need not only for long-lasting safety, but also for reducing the cost of remediation.

To achieve sustainability targets, a combination of treatments (pre-treatments and in-situ
treatments) is required to control the trend of emissions over time. Various types of barriers are
implemented to pursue the FSQ objective, to reduce the emission potential (S) in terms of leachate

and gas generated, as graphically represented in Figure 1. 12.
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Figure 1. 12. Potential emission of pollutants according to different landfills, modified from
(Cossu & Stegmann, 2018), Ssust: the emission potential reaches a value in equilibrium with the

environment.

As above mentioned, the sustainability of a landfill is defined by discharge reaching FSQ
within one generation, however, up to date, FSQ has not been included in any environmental
criteria. In general, the emission potential of the landfill body during the aftercare period may be
monitored by means of qualitative and quantitative analysis of biogas, leachate, and deposited
waste. Therefore, some of the parameters commonly tested and used as indicators of emission
quality may be more significant in evaluating the degree of landfill stabilization and verifying the
achievement of FSQ. In Table 1. 4, a set of values to define the FSQ according to the Lombardia
Region (Regione Lombardia, 2014), those values are given to define the quality of long-term

emissions, including biogas, leachates as well as disposed waste.
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Table 1. 4. Values of goal parameters for the definition of FSQ modified from (Regione

Lombardia, 2014)

Parameter Unit FSQ Value
COD mgoy/1 1500
BODs/COD - 0.1
NH4-N mgn/1 50
Al mg/l 1
As mg/1 0.5
B mg/l 2
Cd mg/l 0.02
Cr; Cr (VI) mg/1 2;0.2
Cu mg/l 1
Fe mg/l 2
Mn mg/1 2
Ni mg/1 2
Leachate Pb mg/l 0.2
Zn mg/1 3
CN mg/1 0.5
SO4%; SO5” mg/l 1000; 1
F mg/1 6
NOs mg/1 20
Total hydrocarbon mg/1 5
phenols mg/1 0.5
Aromatic organic solvents mg/1 0.2
Nitrogenous organic solvents mg/l 0.1
Total pesticides mg/l 0.05
Phosphorous pesticides mg/l 0.1
Chlorinated solvents mg/l 1
Biogas CH4 NL CH; /m* h 0.5
IR4 mgoa/grs 2
Disposed waste IRD mgox/kgvs/h 100
GPz 1 NL/kgTs 5

Termination of the aftercare phase of a landfill mainly depends on the environmentally

acceptable emissions, which is meant landfilling emissions achieve the FSQ before aftercare

termination. A sustainable methodology for evaluating FSQ and assessing the aftercare

termination has been purposed by Cossu et al. 2007, as seen in Figure 1. 13.

The FSQ methodology procedure starts when a landfill has achieved a stable state. Then the

first analysis will be carried out for the biogas indexes. Relevant parameters of biogas will be
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valued for assessing the FSQ. Once values of biogas achieve FSQ limits, leachate indexes will be
taken into consideration. In general, the long-term potential pollution of leachates mainly comes
from the presence of persistent compounds. Therefore, in-situ treatments for improving the
biological process must be applied in landfill to remove those persistent compounds. The last
procedure is conducted on the FSQ indexes in solid material. In this step, FSQ indexes are mainly
useful to quantify the possible presence of biologically active compounds in landfills not reached
by humidity for years. When all the values of each procedure step achieve the FSQ limits, the

aftercare can be considered by FSQ methodology to be terminated safely.

Start

|

Biogas sampling

: No
Yes !
i Leachate sampling <
2 s
2 ! No =
FSQ Values 8 . 2
_ﬁ Yes '} 2
&2 =
Waste sampling
l No
Yes |

Aftercare
termination

Figure 1. 13. Sketch of the procedure proposed to assess Final storage quality, modified from

(Cossu et al., 2007)
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2. PhD Project Outline

2.1 Research Program Scheme

This thesis originated from a concern about the final storage of waste: Back to the Earth Sites
(BES), which explores a desire to achieve a sustainable way of addressing the final storage of
municipal waste issues. Sustainable waste management not only meets the need for seeking
appropriate solutions in terms of technical and economic levels, to solve emergent contemporary
issues but also is in accord with the principles of the Circular Economy (CE) and long-term
sustainable strategy. The concept of CE highlights saving non-renewable resources, limiting
pollution and decreasing the production of waste and consists of all the stages of the life of a
product: extraction of raw materials, production, utilization and discard, responding to the

sustainability of waste management.

The work had a particular focus on the last step in the circular approach: the final storage of
the discarded residues from the circular approach of CE, concerning two of the most critical aspects
of the sustainable landfilling concept: pre-treating the landfilling waste and long-term emissions.
Although landfill is regarded as “a hazardous system, obsolete and polluting” ranking the last place
of a top-down triangle in waste hierarchy (the ranking from top to bottom are: Prevention,
Preparation to Reuse, Recycling and Final disposal), landfill so far continues to play a fundamental
role in providing a final sink for non-recyclable residues of CE. Additionally, considering the
financial and technical issues, landfill will continue to represent a viable and economic way in
waste management. Thus, applying sustainability to the final sink is a feasible and effective
approach to managing landfilling waste on both technical and economical levels. The aim of this
program was to enhance the quality of landfilling residues and evaluate the final storage quality of
long-term emissions, which was accomplished by conducting two main laboratory-scale landfill

simulation tests.

The main work in this thesis was briefly schemed in Figure 2. 1, and all the research

activities were developed in detail following this scheme over a three-year period.
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Figure 2. 1. Scheme of the research program.
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2.2 Research Activities

On a basis of the scheme indicated in Figure 2. 1, the holistic program was completed by a

combination of theoretical and practical research parts according to the following phases.
1. Phase one:

In phase one, all the activities mainly focused on this study proceeded according to an initial
clue of pursuing sustainable approaches to municipal solid waste management (MSWM). Gaining
a better understanding of sustainable waste management by exploring academic background
knowledge about globally appropriate and sustainable technical solutions, not only in
environmental terms but also in economic and technical terms. Further extensive literature reviews
carried out built a logical strategy for the development of the program and profound the
background of the first lab-scale job. International conferences provided a profound and brain-
storm discussion for the development of this project. A clear and scheduled research plan of high
concerns on sustainable landfill was built on a basis of theoretical preparation in this first step.
Subsequently, hypotheses about applying sustainability concepts to landfilling waste were

materialized by a series of laboratory-scale works.
2. Phase two:

In the second phase, washing of waste was investigated as pre-treatment tool to control long-
term emissions and immobilizing contaminants by enhancing the quality of landfilling waste.
Laboratory-scale experiments were designed based on theoretical support from data collection and
analysis. Washing tests were carried out on three different types of CE residues in order to remove
the leachable contaminants before landfilling. The efficiency of washing pre-treatment was
evaluated by standard batch leaching tests (UNI EN 12547-2). After pre-treatment, column landfill
simulation tests were performed to predict and compare the landfill long-term emissions of both
washed and raw residues. Rainfalls in real landfills were simulated by means of daily water
irrigation, and leachates generated from columns were analysed to ascertain the accomplishment
of the final storage quality (FSQ) limits set by the Italian Regional Guideline. In sustainable
landfills, FSQ is an important value to evaluate the sustainability of landfills, and it is defined as
a set of values of different parameters to be achieved within the span of one generation,

representing an acceptable equilibrium between the landfill and the environment. In this work,
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washing pre-treatment was proved to remove the leachable contaminants shortening the time

required to reach sustainability of landfill.
3. Phase three:

In the third step, research activities focused on the investigation appropriate tools for long-
term emissions simulation in view of proper ascertain the accomplishment of FSQ targets within
one generation time. In particular, the research activities were carried out with the following

objectives:

* Investigate the significance of both column flow-percolations and standard batch leaching

tests (UNI EN 12547-2) in view of assessing the landfill sustainability.

* Investigate the effect of different L/S ratios (corresponding to one generation time under

different rainfall/landfill conditions) and irrigation frequencies on the estimation of long-term
emissions. FSQ targets set by Italian Regional Guideline were used to ascertain the

accomplishment of sustainability.

Standard batch leaching tests were performed at the beginning of the experiment on raw
waste to evaluate the waste emission potential. The results were compared with landfill

admissibility criteria set by Italian legislation.

Column leaching tests were conducted on raw waste samples to simulate different landfilling
conditions by adding different cumulative water quantities: 1.5 L/kgTS and 3 L/kgTS, defined as
low (L) and high (H) water input. Both water input quantities were irrigated at different frequencies:
10, 20 and 40 times, distributed over a period of 40 days. Leachates gained from column tests were
analyzed and final leachate quality was compared to FSQ target fixed by Italian Regional

Guideline.

Waste samples after column tests were testes by standard batch leaching test, to estimate the
waste emission potential after 30 years landfilling. The results revealed that, although waste
accomplish the limits for non-hazardous landfills according to standard batch leaching tests, long
term emission not always fulfilled the FSQ limits. Compared with the statistic batch leaching tests,
column flow-percolations leaching tests demonstrated to achieve a more realistic simulation of the

natural landfill conditions. Irrigation frequencies had a significant impact on the reduction of waste
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emission potential in column flow-percolations tests, and it could be taken into account to improve

the in-situ treatments.
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3. Part One: Washing Pre-treatment

3.1 Literature Review

It is an acknowledged fact that creating a zero-waste society in a rapid-growth world is an
absolute Utopia. Building a sustainable, green and environmental-friendly society is a generally
acceptable and available concept by the world. Although recycling and reusing waste materials
have been a more and more encouraging way of reducing waste generation and environmental
burden, with respect to economics and technology, landfilling disposal of waste still and will
continue to be a predominant disposal way in the future, in particular in some low-income countries

(Jhaetal., 2011).

Landfill as the final sink for disposal of non-recyclable remains is the step most closely to
our environment as well as the active participant of a natural eco-cycling. Although the
multibarrier system has been a developed technique to reduce contaminants released from landfills,
the multibarrier is never able to isolate pollutants from earth sites. It is more likely that landfill
plays a role of temporary storage and intermediate transition. The oversaturation effect of landfills
is always an obvious risk. A good example is a discharge of accumulated leachates with high
concentrations of heavy metals (HMs) and dissolved organic matters (DOM) cause severe
pollution of groundwater and soil (Kjeldsen et al., 2002). In addition, greenhouse gases, ordors
and newly-generated contaminants by biological and geochemical reactions impose a heavy
burden on the environment. In order to minimize problems associated with landfilling, different

pre-treatment techniques should be used before landfilling (Bramryd & Binder, 2007).

Pre-treatment has been used as an effective approach to gain the optimum level of sorting
and waste stabilization. It will also open up for the recovery of resources from waste, like bio-
energy and nutrients. Besides, pre-treatment techniques can be able to affect both waste reactions
after disposal and landfill behaviour in the final storage step. In this sense, pre-treatment
technologies can also be taken use of with the ultimate objective of adjusting landfill behavior that
is the biological and physicochemical reaction (Norbu et al., 2005). Mechanical shredding is
important processing of reducing the volume of residual waste, as well as improving the efficiency
of biological treatment. Biological pre-treatment plays an important role in reducing long-term

setting and gas-emissions (Bramryd & Binder, 2007; Montejo et al., 2013). Thermal pre-treatment
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is normally regarded as a significantly effective technique to reduce waste mass and decrease the
biological activities of buried waste (Massarutto, 2015). Although each technique has been applied
to reach the same aim of reducing environmental burden, a specific technique is normally used to

achieve a specific treatment purpose or dispose of a certain spectrum of wastes in a region.

Waste washing treatment has been demonstrated as an efficient pre-treatment technique to
remove harmful elements and keep waste stabilised in numerous studies (Cossu et al., 2012; Nestor
et al.,, 2020; Yang et al., 2017). Heavy metals, organic matters, inorganic components and
Xenobiotic organic compounds can be reduced or removed during the processing of waste washing.
Non-recyclable remains (e.g. automotive shredder residue) pre-treated by a waste washing process
before landfilling would produce less emission and show a within a short time frame (Cossu &
Lai, 2015). Meanwhile, waste washing remarkably enhances the rate of resource recovery. Co-
processing of washed air pollution control residues as an alternative material in cement
manufacture not only recycles waste materials but also stabilizes leachable polluted elements
(Bogush et al., 2020; Yan et al., 2018). In order to achieve the goal of enhancing washing efficiency,
washing techniques have been improved by changing the washing parameters, conditions and
methods. Mathematic modelling and simulated condition are also applied to predict and improve
washing results (Cossu & Lai, 2012; Velts et al., 2010). However, the characteristics of waste
washing quite depend on various factors, including pH, liquid/solid ratio (L/S), washing
temperature, washing solvents, as well as waste properties (Beiyuan et al., 2017; X. Chen et al.,
2016; Gudka et al., 2016). Although numerous studies have demonstrated that waste washing
results can be considerably different due to different influence factors, few review articles on waste
washing make a comprehensive review to understand washing behaviours and the stabilization

function in different periods.

In order to set up a reliable technique line for accomplishing the first target of the holistic
program: washing pre-treatment of waste, in this step, data collections from previous research
summarize pollutants generated from washing processing, the factors affecting waste washing,
methodologies to study washing from different wastes, potential mechanisms behind washing and
the impact of waste washing on the environment. Those data also offer an optional strategy of

waste disposal and contribute to future sustainable waste management.

67



3.1.1 Washing Methods

In the case of people's common sense, washing is an operation to remove unwanted
substances to achieve the aim of cleaning. Washing waste with the application of removing
hazardous components, degradable organics and high-toxic heavy metals from residues to gain a
similar purpose: to clean residues resulting in waste stabilization and emission reduction.
Rainwater flushing, groundwater socking as well as leachate recharging are normally able to be
categorized as a sort of washing. However, application-oriented artificial washing techniques with
proper methods and equipment can achieve fixed washing purposes (such as reducing HMs or
waste stabilization) in a targeted manner by adjusting washing conditions (e.g. pH-vale, washing
solvents and washing frequency) (X. Chen et al., 2016; Cossu & Lai, 2012, 2013). Besides,
systematic washing process with remarkable research significance in understanding washing

mechanism and washing behavior, further improving and developing washing techniques.

Waste washing process can be classified into two main methods: batch washing and column
washing with respect to waste leaching mechanism (Voegelin et al., 2003). Though both two
washing techniques have demonstrated respectively huge advantages, as shown in Table 3.1. 1,
the specific application of methods in corresponding studies mainly depends on different research
purposes. In comparison to batch washing, continuous column washing is more advantageous as
it is more suitable for large-scale study and more thorough removal effect. However, the
advantages of time-saving and solvent-saving make batch washing popular in laboratory-scale
research (Sazali et al., 2020). Based on the initial mechanism of those two washing methods,
extensively modified washing methods have been established to improve the washing efficiency
and analyze the applied mechanism. For example, a semi-batch washing column is designed by
Velts, et al. to investigate the changes of Ca contents in water flowing and the stagnant layer of
ash (Velts et al., 2010). Chimenos et al. developed a multi-step batch washing facility to improve
washing efficiency. The results show that the removal efficiency of chlorides and heavy metals in
multi-step washing is much higher than that in regular batch washing with optimal conditions
(Chimenos & Ferna, 2005). In addition, washing process can also be categorized into acid washing,
alkaline washing and water according to different washing solvents (Nestor et al., 2020; Wang et
al., 2020; Yang et al., 2017). Furthermore, the temperature during the washing process
significantly affects washing efficiency (Bandara et al., 2020; W. S. Chen et al., 2012). Thus, low-

temperature and high-temperature washing can be also used as a classification of washing methods.
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In short, although washing techniques can be classified in detail with respect to research conditions,

washing efficiency is always the dominant parameter to assess the process.

Table 3.1. 1. Comparison of the advantages and disadvantages in soil washing between column

and batch washing.
. . Removal
\Yniiﬁgzig waste X?iggf efficiency Advantage Disadvantage Reference
(%)
Artificiall . .
coiléa:lli?lafe (a) Higher removal efficiency
d Nax$:0s  Pb61,Zn94  (b) Easy-operated and continual
Soil operation . )
oot (c) More suitable for simulating real- (a) Time consuming
Artificially . (b) Full washing process needs a
contaminate EDTA Pb 85 scale appllfcatlon' L . large number of washing
Column d HCl Pb 100 (d) To achieve different liquid/solid | Abumaizar &
. CaCl Pb 78 ratios affecting removal efficiency solvents . ( umaizat
Soil f . (c) No adjustment of pH value Smith, 1999;
o rom only one column washing . .
Artificially process during the procedure Davis &
contaminate - . Singh, 1995;
q NaOCl 7n 38-81 Ezzjtl Sgher accuracy of studying Evangelista &
Soil Zownir, 1989;
Artificiall Hel Pb 65-1 Ran &
ruficially EDTA 65-100 Abumaizar,
contagnnate CH;COO 199]6; ;g??ni
i etal., ;
Soil H 60-100 (a) Short washing time (@) The relatively lower removal Sazali et al
CaClz . efficiency azali et al.,
(b) Less amount of washing solvent (b) Small-scale stud 2020)
Batch Ie inated (c) Easy to adjust pH values during . y
ontaminate EDTA Pb 95 . (c) Different L/S ratios
Soil washing process . .
(d) Simple facility to operate experimental designs should be
P ytoop conducted in different batches.
Contaminated EDTA Pb 85-97

Soil

3.1.2 Factors Affecting Waste Washing Behaviour and Efficiency
1. Liquid to Solid Ratio (L/S)

The effect of liquid and solid (L/S) ratio on washing behavior has been widely regarded as

one of the most important factors. The key to the impact of L/S on washing behavior is closely

related to the waste leaching behavior during the washing process. This is because washing

efficiency is normally assessed by the extraction amount of elements affected by leachability. L/S

ratio contributes to leaching and washing behavior of soluble inorganic constituents (e.g. HMs)

(Lin et al., 2017), detailed data are graphically shown in Figure 3.1. 1. The washing efficiency of

HMs, including lead (Pb), zinc (Zn) and copper (Cu), is higher with the increasing L/S ratio.

Because a higher L/S ratio can generally promote the dissolution of minerals and accelerates the

extraction of HMs (Luo et al., 2019a). Although the higher L/S ratio normally contributes to higher
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washing efficacy, optimal L/S conditions should be designed with respect to economic and
environmental factors (Yang et al., 2017). Because the highest removal efficiency of the specific
element usually appears at the optimal L/S ratio level, instead of simply being increasing or
declining with ratios. Ju et al. demonstrated that the reduced amount of complex-constituents
MSWTI increases with L/S firstly during washing process, then drops into a low value. The largest
reduction appears at L/S=2.5 instead of other higher L/S (Ju et al., 2020). In addition, the effect of
L/S ratio on washing is also element-specific, as shown in Figure 3.1. 2. Under the same washing
conditions (same L/S ratios and duration time), the removal efficiency of chlorine (Cl) is
considerably higher than the efficiency of sulfate (S). Besides, heavy metals are discovered with
higher removal rate than that of inorganic salts in the same L/S, although the real concentration of
heavy metals is at trace level. The figures also show that the optimal L/S ratio changes as different

elements.
Removal ef ficiency equation of washing residues : nx; = (ey; —ewi)/eri (3.1-1)

Removal efficiency equation of washing residues from reference (Cossu & Lai, 2013), where, e
=concentration of the i-substance in the eluate of washing test for raw waste; e,,; =concentration

of the i-substance in the eluate of washing test for washed waste.
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Figure 3.1. 1. Leaching concentrations and washing efficiency of HMs with different L/S ratios.

Data was modified from reference (Chiang & Hu, 2010).
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Figure 3.1. 2. Different L/S ratios affect component removal efficiency. Data was modified from

reference (Yang et al., 2017).
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2. Impact of pH Value

Of the variables considered, the pH of the washing and extraction process proved to be of
paramount importance. Due to the heterogeneous characteristics of buried solid residues, residue-
removal by washing process is highly pH-dependent. For example, MSW fresh incineration ash is
usually at an alkaline (pH=10-12) (Dijkstra et al., 2006), the application of a low-pH solution to
removing residues in the MSW incineration ash can be significantly effective (Sun & Yi, 2020).
As can be seen in Figure 3.1. 3, utilization of different chemical acid to adjust the pH of washing
solution can promote washing efficiency, especially in alkaline MSWI ash washing process. The
results demonstrate a high dechlorination rate can be gained at a low pH, however, the removal
tendency lines go down with increasing pH. The similar tendency can be found in the figures of
removing MSWI fly ash amount (Chen et al., 2012). Moreover, washing HMs is also highly pH-
dependent as HMs’ extraction behavior and solubility are linked with pH-value (Komonweeraket
et al., 2015). At the same L/S level, all the heavy metals (Cr, Zn, Cd and Pb shown in Figure 3.1.

4) removal efficiencies decrease with pH increases.

—@— Citric acid —@— Acetic acid —@— Laatic acid —@— Propionic acid —@— Butyric acid —@— HNO, —@— Water with CO,
100

70 H

95 —
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50 H
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Removal efficiency of CI (%)
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Removal efficiency of MSWI ash (%)

~J
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0 2 4 6 pH 8 0 12 14 0 2 4 6 8 10 12 14

Figure 3.1. 3. Effect of solution pH on removal efficiency of Cl and MSWI fly ash. Data modified
from reference (Chen et al., 2012).

72



120

1204 —o—L/S=5 —o—L/S=12.5 ——L/S=25

100
1104

100 80 1

90 60

80 1 40+

Removal efficiency of Cd (%)

704

Removal efficiency of Pb (%)

204

—

60

. . . . .
35 40 45 5.0 5.5 6.0 6.5 35 40 45 50 55 6.0 6.5
50 pH 100 pH

40 804

30
60

20

Removal efficiency of Cr (%)
Removal efficiency of Zn (%)

40

—

T T T T T 20 T T T T T
35 4.0 4.5 5.0 55 6.0 6.5 35 4.0 4.5 5.0 55 6.0 6.5

Figure 3.1. 4. Effect of solution pH on removal efficiency of heavy metals. Data modified from

reference (Abumaizar & Smith, 1999).

3. The Influence of Washing Temperature

Temperature as an important function has a great impact on substance solubility. Changes in
temperature during waste washing process enable washing efficiency and removal rate of residues
to reach the target aim (Deng et al., 2013). Chen et al. found that Cl removal rate increased into
93.27 £1.375% from 79.42 £1.04% as the temperature up to 90 °C from 25 °C. In addition, the
total MWSI weight-loss efficiency also shows an increasing tendency as temperature increases (W.
S. Chen et al., 2012). However, the superposition of multiple variables has a fluctuant influence
on washing effect that might likely be linear with a single temperature variable. Chen et al.
designed an orthogonal washing experiment to investigate the relationship between waste removal
efficiency and different variables. The study demonstrates the removal efficiency of Chlorides
(e.g. 30 84.55% to 71.33%, 85.24%) is not able to maintain a stably linear tendency when the

temperature and stirring speed simultaneously (X. Chen et al., 2016). However, temperature
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continues to becomes a key function affecting the washing being taken into account in the

experimental design.

4. Different Washing Solvents

Washing solvent is one of the most important parts of washing process. Thus, extensive
research is dedicated to seeking high-efficiency washing solvents to achieve the target aim of
removing waste, as shown in Table 3.1. 2. Chemical-enhanced waste washing has been proven to
be a promising technology for the remediation of environmental pollution (e.g. contaminated sand
and soil) with potential applicability and economic feasibility (W. Zhang & Lo, 2006). For
example, chemical chelating agents such as ethylenediaminetetraacetic acid (EDTA) can form
stable and soluble complexes with heavy metals, greatly improve their solubility and mobility in
aqueous phase, and thus become a good washing solvent to assist heavy-metal removal from soils
(F. S. Zhang & Itoh, 2006). However, chemical-enhanced washing solvents have potential risk of
polluting the environment after being used as the remover. Thus, environmentally friendly
washing solvents are called for being applied to experiments and researches. Deionized water
without any original chemicals become a top option. Numerous studies have gained good results
by using deionized water during waste washing process (Cossu & Lai, 2013; Yan et al., 2018).
Tap water and seawater also have been proved to be good extraction solvent with respect to both
economic factors and practicable operation, although DOM in the seawater may be able to affect

the leaching behavior of HMs (Lin et al., 2017; R. Yang et al., 2012).
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Table 3.1. 2 The effect of different washing solvents

Waste Untreated Compositions ~ Washing Solvents L/S Removal Efficacy % Reference
Soil (mg/kg) Cu 550, As 930 Chelating agents 20 Cu 58~68 %, As 9~21 % (Tsang & Yip, 2014)
Soil (mg/kg) Cu 550, As 930  Humic substances 20 Cu 0~6 %, As 2.5~4 % (Tsang & Yip, 2014)
Soil (mg/kg) Cu 550, As 930 Inorganic acids 20 Cu 37~50 %, As 4~53 % (Tsang & Yip, 2014)
Biomass Cl, Na, K A i C1100 %, Na 92 %, K 62%  (Saddawi et al., 2012)
3 4
Marine TOC 4.85 +0.02%, _az0 a0 .
sediment TP 2453 + 16 mg/kg HCI 5 TOC~ 33 %, TP~ 47 % (K. Kim et al., 2020)
Marine TOC 4.85 £ 0.02%, h0 0 <o .
sediment TP 2453 + 16 mg/kg HNO; 5 TOC~ 20 %, TP~ 50 % (K. Kim et al., 2020)
Marine TOC 4.85 £ 0.02%, h10 <10 .
sediment TP 2453 + 16 mg/kg H>SO4 5 TOC~ 21 %, TP~ 51 % (K. Kim et al., 2020)s
(mg/kg) Cu 89 £77, Ni
. 1933+ 130, Zn 13565 Cu~9 %, Ni~ 1.7 %, Zn~11%,
Soil 975, Cr 3912 + 170, Pb EDTA 20 Cr~10.5 %, Pb ~ 3% (W. Zhang etal., 2010)
976 +68
RN ° ~R0N0°,
Soil Cu, Zn, Pb EDTA+EDDS - Cu~80 /(1)’0?3)/ 80%, Pb (Beiyuan et al., 2018)
(V]
MSWI fly ash Cl Citric acid 1-20 Cl~96% (X. Wang et al., 2020)
MSWI fly ash Cl Acetic acid 1-20 Cl~96% (X. Wang et al., 2020)
MSWI fly ash Cl Lactic acid 1-20 Cl~91% (X. Wang et al., 2020)
MSWI fly ash Cl Propionic acid 1-20 Cl~ 94% (X. Wang et al., 2020)
MSWI fly ash Cl Butyric acid 1-20 Cl~92% (X. Wang et al., 2020)
600 &0,
ASR (mg/mb DOCS3 COD pigilled water 35 OGO 1 €% (Cossu & Lai, 2013)
Sediment (mg/kg) Cu 970, Zn 2500 Na,EDTA 40 Cu55%,Zn32% (Yu & Klarup, 1994)
(mg/kg) Cd 60, Mn 750, 0 0 0
MSWI flyash  Pb2100, Zn 5220,Cr  Deionized water 2 Cd 96%, Mn 91%, Pb 73%, (3 \yang et al., 2009)
Zn 68%, Cr 35%, Fe 30%
180, Fe 22510 ’ ’
Soil (mg/ 1%)6 C;b15228(§), Zn EDDS 10 Cu34%,Zn23%,Pb31%  (Beiyuan et al., 2016)
DOC~85%, COD 85 %,
MSW DOC, ZCI?%I_TE_N’ €L Deionized water 510 TKN~76%,Cr~89%,2Zn  (Cossu & Lai, 2012a)

91%, C1'92%, F33%
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5. Particle Size of Waste

The size distribution of waste residues is also an important parameter which is able to affect
the washing behavior. On the one hand, previous studies have demonstrated that many toxic
contaminants are preferentially concentrated in smaller particles, especially heavy metals (Xia et
al., 2017; Yao et al., 2013). Wang et al. and Bogush et al. found that toxic elements (e.g., Cr, Pb
and Cd) with a smaller particle size (< 4 mm) in the MSWI bottom ash could cause more
contaminates (Bogush et al., 2019; K. S. Wang et al., 2002). On the other hand, particle size
contributes to the mobility of polluted elements in landfilling emissions (Mitrano et al., 2017).
Meanwhile, fine fractions are also relevant to washing and leaching kinetics as well as washing
efficiency due to the bigger surfaces (Bandara et al., 2020; Luo et al., 2017). Cossu and Tai
compared the washing efficacies by washing ground ASR (< 4 mm) and not-ground ASR and
found that the removal efficiency of Cu is much higher in grounded samples in conditions of L/S
3 (Cossu & Lai, 2013). In addition, small particles are also advocated to enhance the removal
efficiency of unwanted elements in biomass washing (Gudka et al., 2016). In addition, the particle
size can be the critical parameter affecting hydraulic conductivity, resulting in a difference in flow

rate of waste washing and washing effectivity (Arya et al., 1999).

6. Duration Time of Washing Process

To an extent, the duration time of washing solvent contacted with washed waste can be a
determining factor affecting the extraction results. During a certain time range, the longer the
washing duration time, the higher the removal efficiency of elements (Faravash & Ashtiani, 2007).
Because the concentration of soluble wastes is at an unsaturated level in the initial step of washing
process. During the unsaturated period, waste can be uptaken by washing solvent (Garrido et al.,
2019). However, the duration can not be a decisive factor during a long-term washing process, as
shown in Figure 3.1. 5. The removal rate both of HMs and inorganic salts would keep at a stable
level after reaching a certain rate. Besides, washing solvents can reach a saturated level after
uptaking enough. For example, the optimal duration of bubbling CO> into the washing solvent to
adjust the pH-value removing the most total amount of HMs is 5 min (Z. Yang et al., 2017).
Though washing duration time is not always a dominant role in impacting washing behavior, it

can improve washing process by connecting other factors as a synergy (e.g. pH-value and L/S).
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Figure 3.1. 5. The relationship between duration time and removal rate during waste washing
process. Figure data modified from references (Cheng et al., 2020; S. Y. Kim et al., 2003; Z. Yang
etal., 2017; F. S. Zhang & Itoh, 2006; W. Zhang et al., 2010; W. Zhang & Lo, 2006).

7. Washing Frequency Affecting Washing Process

During the washing process, the pH value of soaking solvents is variable as a consequence
of the accumulation and dissolution of soluble salts in the eluates, resulting in a change of the
washing efficiency (Sun & Yi, 2020b; K. S. Wang et al., 2002). Thus, the times and cycles of
washing can affect the solubility and concentration of soluble elements in washing eluates and lead
to the evolution of washing efficiency. Multi-washing steps and cyclic washing procedures have
been developed in numerous studies to reach the aim of economical washing and improving
efficacy. Chen et al. designed an efficient multi-step washing process to select the optimal washing
condition and enhanced the removal efficiency of CI (up to 99%) in a cyclic washing process (X.
Chen et al., 2016). With the increasing number of washing times, washed waste tends to more
stable as a consequence of more contaminants have been taken away in the eluates. More washing
steps result in lower extraction of polluted elements (e.g., soluble salts and heavy metals) and

higher removal efficiency during the washing process (Z. Abbas et al., 2003). Moreover, cyclic
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washing steps not only increase washing times but also enhance the economical utilization of
washing solvents. Organic matters dissolved in eluates can not only change the pH value of
leachate, but also enhance the affinity of heavy metals with water facilitating their leachability (Gu
et al., 2019; Liaw & Wu, 2013; Luo et al., 2019). The application of multi-step and cyclic washing
procedure select optimal washing condition in a condition of economically feasible amount of

washing solvents.

8. Other Factors

Apart from the above factors, many other factors, including waste characteristics, quality of
waste to be washed, geographic locations, as well as waste pretreated or unpretreated, also have
direct and indirect influence on washing behavior and washing efficiency (Beiyuan et al., 2018;
Cossu & Lai, 2012, 2013). For example, Cossu and Lai have demonstrated that the washing
efficiency of removing DOC and HMs from different municipal solid wastes (under-sieve residues
from plastics sorting process, end residues from plastics sorting process, mechanical-biological
treated waste, and automotive shredder residues) under the same washing conditions (L/S=5,
washing time =6 h) could be totally different (Cossu & Lai, 2012). In addition, different lifestyles
and cultures, related decrees and limits to track with environmental problems can also lead to great
differences in raw waste constituents, resulting in different further washing pre-treatments

(Grossule et al., 2018; Mangialardi, 2004; Yan et al., 2018).

3.1.3 Conclusion

Waste washing treatment applied before landfilling provides a possible strategy to reduce,
within a short time frame, leachate environmental impacts in groundwater and soil (Cossu & Lai,
2013). This review summarizes extensive research on waste washing, specifically, factors
governing washing, contaminants generated through washing, recycling clean waste materials and
treatments to wastewater generated from waste washing. It was proved that L/S ratio, pH-value
and washing frequency are the major factors affecting washing efficiency and pollutants removal.
Waste particle size, washing duration time and washing solvents, to a certain extent, also become
the imperative factors governing washing behaviors. Pollutants generated from the washing
process are strongly linked with washing conditions as well as waste properties, which become
good research object for investigating waste washing behavior. The complex reactions and

element-affinity among the different polluted components (heavy metals, dissolved organic

78



matters, inorganic salts) also play an important role in ultimate washing results. Although waste
washing is not the most efficient method to reduce emissions due to its element-specificity,
wastewater production and strongly environmental-factor dependence, it still can be able to
become a potential pre-treatment. Many pre-treatment methods have been proposed. However, not
all approaches are effective and some methods are associated with high energy and high cost,
which makes them less economically feasible and attractive (Luo et al., 2019). Besides, whatever
pre-treatment applied to waste, the problem of landfilling waste and emissions always exist.
Therefore, waste washing becomes a feasible solution that has the quick-respond and effective
reduction of emissions in a short time. Furthermore, a combination of washing pre-treatment and
specific landfill management techniques contribute towards achieving an equilibrium with the
environment, resulting in reducing environmental burden and enhancing resource recovery as

much as possible.
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3.2 Lab-scale Washing Test

Based on: Q Luo., V Grossule., MC Lavagnolo. Washing of residues from the circular economy prior to

sustainable landfill: effects on long-term impacts.

Published in: Waste Management and Research, Accepted: 19 August 2022

Abstract

Sustainable landfill continues to play a fundamental role in closing the loop of residual materials
of the Circular Economy. The sustainable landfill relies on both pre-treatments and in situ
treatments to stabilise the residual waste and immobilise the contaminants, achieving the Final
Storage Quality (FSQ) within one generation (typically 30 years). The aim of the study was to
investigate the efficiency of the waste washing pre-treatment in reducing the waste leaching
fraction prior to landfilling, and in decreasing the time needed to reach the FSQ. A laboratory scale
washing test was performed on three different kinds of residues from municipal solid waste
treatment, usually landfilled: residues sieved from separately collected bio-waste (RB); residues
sieved from compost (RC); and residues sieved from mixed waste treatment-plastic line (RP).
Column landfill simulation tests were performed to predict and compare the landfill long term
emissions of both washed and raw residues. The results revealed that the washing pre-treatment
significantly reduced the leachable fraction of contaminants, decreasing the time needed to reach
the Chemical Oxygen Demand (COD) and ammonia FSQ limits. However, RP residue was the
only one respecting both FSQ limits within 30 years.

Keywords: Waste washing, leachate, circular economy residues, Final Storage Quality (FSQ)
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3.2.1. Introduction

The current approach of the European Union to the waste management consists in the
principle of the circular economy, which is aimed at saving resources and minimising waste
generation through the application of a series of actions, defined by the European Commission
Communication (2015) as the “waste hierarchy”. Although waste prevention should be the most
preferrable action, the focus of the European legislation in the last years has been the recycling of
the waste, with increasingly ambitious recycling targets being set for the next years (EU Directives
851, 852/2018). Consequently, recycling is often perceived as a fundamental tool to reach the Zero
Waste target whereas, landfilling and other disposal activities are perceived as obsolete and
hazardous. However, recycling has several limits, among which, the production of unavoidable
residues in which contaminants have accumulated (Pivnenko et al., 2016) and which need a secure
final sink in order to avoid diffuse pollution (i.a. Muola et al., 2021). Sustainable landfill plays the
fundamental role of closing the loop of the materials which cannot be further reintroduced in the
Circular Economy, and they are given Back to the Earth (Cossu, 2016) in a stable, not
contaminating form. The sustainable landfill relies not only on physical barriers, which have a
limited lifespan (Sun et al., 2019), but also on waste pre-treatments (e.g. mechanical-biological,
thermal treatment) and in-situ treatments, (e.g. semi aerobic-landfill, forced aeration, flushing)
(Grossule and Stegmann, 2020), properly selected according to the specific context (Lavagnolo

and Grossule, 2018)

Both pre-treatments and in-situ treatments should be purposely designed to stabilise the
residual waste and immobilise the contaminants, with the aim of achieving, within the time frame
of one-generation (30 years), a Final Storage Quality (FSQ) of the landfill in equilibrium with the
environment (Cossu et al., 2020a). When the FSQ is achieved, the emission potential of the
landfilled waste and the uncontrolled emissions will not necessarily correspond to zero, but they
should be compatible with the surrounding environment, without any non-acceptable impacts,
whilst exploiting the environmental self-depuration ability. The FSQ is typically defined by limit
values for landfill emissions in terms of leachate quality and load, gas production and waste

stability (Grossule, 2020).
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Among the pre-treatment options, the washing of waste is a physical/chemical process, suitable
for the removal of leachable contaminants and particularly indicated for pre-treatment of mainly

inorganic or well stabilised waste.

Being leachate the main cause for long-term environmental impact of landfills, the washing of
residues prior to landfilling may represent an interesting option to remove the leachable fractions
of the contaminants, reducing the leachable emission potential and improving the quality of landfill

emissions.

Extensive studies demonstrated the efficiency of waste washing treatment in reducing the
leachable fraction of chlorides, metals, Chemical Oxygen Demand (COD) and nitrogen (Total
Khjeldal Nitrogen — TKN) from different kind of wastes (e.g. incineration ashes, automotive
shredded residues, etc.; Sun and Y1, 2021; Cossu and Lai, 2013). Furthermore, when co-processing
with other techniques (e.g. concrete manufacturing and cement solidification) (Bogush et al., 2020;
Keulen et al., 2016; Yan et al., 2018), the waste washing treatment can significantly enhance the
quality of waste and the possibility of recycling. Some studies highlighted the different factors
affecting the washing effect, including liquid/solid (L/S) ratio, washing agents, pH value and
washing frequency (Chen et al., 2016; Jiang et al., 2009; Kim et al., 2020; Wang et al., 2020).

Incineration ashes was the main waste typology tested for waste washing studies (i.a. Sun
and Yi, 2021; Wei et al., 2021). Only few studies investigated the washing of plastic waste
(Chaudhuri et al., 2001 and Cossu et al., 2012), while mechanical-biological treated waste and
automotive shredded residues were tested for washing treatment only by Cossu et al., 2012; Cossu
and Lai, 2013; Cossu et al., 2012. Besides the already studied waste types, many other different
kinds of residues from Circular Economy continue to be landfilled, in many cases without proper

waste pre-treatments in view of sustainable landfill.

The present study aimed to further evaluate the effect of waste washing prior to landfilling
on reducing the emission potential of different selected Circular Economy residues and on long-

term impacts.

A laboratory scale washing test was performed on three different kinds of residues from
municipal solid waste treatment, usually landfilled: residues (impurities such as plastic bags)

sieved from separately collected bio-waste (RB); residues (inert or well stabilised impurities)
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sieved from compost (RC); and residues sieved from mixed waste treatment-plastic line (RP).
Washing treatment, was set using the suggested parameters from literature (L/S=5 1/kg, t=6 h;
Cossu and Lai, 2012), as these operating conditions proved to achieve the best trade-off between
the washing efficiency, duration and water consumption of the test in view of the upscaling.
Column landfill simulation tests were performed to predict and compare the landfill long term
emissions of both washed and raw residues, in view of accomplishing the FSQ limits set by Italian
Regional Guideline (Cossu et al., 2020b). Accordingly, being all selected fraction affected by

organics contamination, suitability of washing pre-treatment was evaluated.
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3.2.2. Materials and Methods
3.2.2.1 Research Program Scheme

The scheme of the research program is shown in Figure 3.2. 1. In the first step, a laboratory-
scale washing was applied to three different types of waste residues. The efficiency of washing
pre-treatment was evaluated by standard batch leaching tests (UNI EN 12547-2). In the second
step, column landfill simulation tests were performed to predict and compare the landfill long term
emissions of both washed and raw residues. Collected leachates were analysed to ascertain the

accomplishment of the FSQ limits set by Italian Regional Guideline (Cossu et al., 2020b).

Washing Test
Step 1: Raw /ai 1.r1g _ e;h ‘Washed
Waste L/8=5; T=6 Waste
WASHING TEST (Cossu and Lai, 2012)
> -
A A
Residual water
o &
% Leaching Test <
g4 L/$=10,T=24h, [~ >
53 (UNIEN 12547-2) 5’
v v
Step 2:
COLUMN TEST L/S=15 L/S=15
> T=94d T=94d

v
Leachates, L,

v
Leachates, L,

Figure 3.2. 1. Scheme of the research programme (L/S = Liquid/Solid ratio, hence the ratio
between the amount of washed residue and amount of washing water; T=testing time; e, ew=eluate
of batch leaching test of raw and washed waste, respectively; L; = leachate of column test of raw

waste; Ly = leachate of column test of washed waste).

3.2.2.2 Residues Characterization

Three types of residues (Figure 3.2. 2) have been used in this study:
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¢ Oversieved residues from separately collected bio-waste (RB)
¢ Oversieved residues from compost (RC)

¢ Oversieved residues from mixed waste treatment-plastic line (RP)

Figure 3.2. 2. The tested raw residues (RB: oversieved residues from separately collected bio-
waste; RC: oversieved organic waste after composting; RP: oversieved plastic materials from

mixed waste treatment).

Residues samples were collected in municipal solid waste treatment plants located in North
of Italy. Originating process of the residues and the European Waste Code (EWC) are reported in
Figure 3.2. 5.
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Figure 3.2. 3. Originating process of residues. The European Waste Code (EWC) is reported in
bracket. (RB: oversieved residues from separately collected bio-waste; RC: oversieved organic

waste after composting; RP: oversieved plastic materials from mixed waste treatment).

100 kg sample of each residue was classified by means of a trade analysis (UNI 10802:2013),

as shown in Figure 3.2. 4. Prior to washing test, all samples were shredded to a size <20 mm.
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Total Solids (TS), Volatile Solids (VS), TKN, Total Organic Carbon (TOC), seven days
Respirometric Index (RI7) and metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn) were analysed on each

residue.
1. Bio-waste before 2. over-sieved material 3. over-sieved material
anaerobic digestion after compost refining from plastic waste
(EWC 191212) (EWC 190503) treatment
- RB > RC (EWC 191212)

- .

= 20 m NS

\Lm it A

Mesh sieve '
20 mm

Fine fractio®

Figure 3.2. 4. Pictures of trade analysis.

3.2.3 Washing Pre-treatment Tests

Washing pre-treatment tests were conducted following the suggestions of previous studies
(Cossu & Lai, 2012, 2013) considering a liquid to solid ratio equal to 5 L/kgrs (L/S=5) and a test
duration of 6 hours. Waste washing was performed by placing 1.5 kgrs of sample and 7.5 L of
deionised water in a HDPE container, then continuously mixed at a speed of 22 rpm. Residual
waters from washing tests were analysed for Dissolved Organic Carbon (DOC) during the washing
at interval times of 0.5, 2, 4, 6 hours; while COD, Biological Oxygen Demand after 5 days (BODs),
TKN, ammonia nitrogen (NH3-N), pH at the end of the test (after 6 hours).

Standard batch leaching tests (UNI EN 12547-2: L/S=10, duration 24 h) were performed
both on the raw and washed residues. Leachable fraction of contaminants was analysed in eluates
(e) in terms of DOC, COD, BODs, NH3-N, TKN, pH, chlorides and metals. Analysis were all

performed in triplicate, results are given as average value.
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The maximum potential leaching rates from residues were calculated, in terms of TKN and
DOC heavy metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn), by comparing the contaminants
concentrations in eluates of raw residues (e;) and those in the solid raw residues (x), using the

following formula:
pi=(ei*L)(xi*S) (3.2-1)
where i=i-contaminant, L= quantity of eluate (L), S= mass of tested waste (kgrs).

The leaching rates achieved with washing (w;) were calculated by substituting in Eq. 3.2-1

the contaminants concentrations in eluates (e;) with those detected in water from washing (w;;):
wi=wrie L)/ (xi*S) (3.2-2)

pi and w; were compared to evaluate the effectiveness of washing in removing leachable

fraction of contaminats.

Washing efficiencies, defined as the percentage reduction of the maximum potential leaching
rates obtained by the washing treatment, were calculated according to the following equation

(Cossu & Lai, 2012b):

My = 2wt (3.2-3)

eri

where e,; and ey, represent the concentration of the i-substance in the eluate of the batch

leaching test of the raw and washed waste residues, respectively.
3.2.4 Column Landfill Simulation Tests

Long term landfill leaching emissions were simulated by column tests using

polymethylmethacrylate columns (internal diameter 10 cm, height 104 cm, Figure 3.2. 5)
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1
s sk, e g

Figure 3.2. 5. Column landfill simulation test apparatus (RB: organic waste before anaerobic
digestion; RC: over-sieved organic waste after composting; RP: over-sieved plastic materials from

mixed waste treatment; r: raw residues; w: washed residues)

Both raw and washed residues were tested in duplicate. Each column was filled with 1.25
kgrs residues samples. 200 mL of deionized water, simulating rainwater, was added daily to each
column for 94 days. Leachate samples were collected and analysed at different L/S ratios (0.5, 1,
1.5, 2, 5, 10, 15; calculated as produced leachate over mass of dry residues in the column) for the

following parameters: TOC, COD, NH3-N, Chlorides.

Ammonia nitrogen and recalcitrant organic matter are the main responsible for the longest-
lasting environmental impacts of a landfill (Kjeldsen et al., 2002; Luo et al., 2020). Long-term
emissions were, thus, predicted in terms of COD and ammonia, considering a hypothetical landfill
and performing a mass balance of water influx and leachate produced, as described by Cossu et al.
(2012). Accordingly, the final L/S=15 L/kgrs achieved in the column tests corresponds to 280
years, which is the time required by the hypothetical landfill to achieve the same L/S. Landfill
sustainability reference time of 30 years corresponds to a L/S=2. The time trend of COD and
ammonia concentrations was determined by fitting the concentrations measured in column tests

by using the following first order kinetic formula:
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C, = Cy * e F(t=t0) (3.2 -4)

where, C; is the concentration of substance at time t (mg/L), Co is the concentration of
substance at the start time of the model simulation at time to (mg/L); k is the first order kinetic

constant (y! ) (Cossu & Lai, 2012b); t0 is time taken at the start of model simulation.

The results were discussed, considering most relevant parameters (COD and ammonia), in
view of accomplishing the FSQ limits set by Italian Regional Guideline (Cossu et al., 2020b)

considering the landfill sustainability reference time of 30 years.
3.2.5 Analytical Methods

The parameters analysed on liquid samples were pH, TOC, DOC, COD, BODs, TKN, N-
NHj3,metals (Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn) and Chlorides. The parameters analysed on solid
samples were: Rl7, TS, VS, TKN, TOC. TOC and DOC were determined using a TOC-VCSN
Shimadzu Analyzer, in case of DOC after filtration at 0.45um. COD was measured using a
photometric method and BOD was determined using a dissolved O probe. NH3-N and TKN were
measured by means of a distillation-titration procedure. Metals were measured using an ICP-OES

analyser. The Rls was performed using Sapromat E.
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3.2.6 Results and Discussion

3.2.5.1 Raw Waste Characteristics

Figure 3.2. 6 illustrates the trade composition of each tested residue.

[ ] Textiles 3.2%
B Wood 1.3%
I Metals 0.1%

Plastics 33.9%
Pu\resc'\b\c ~y
Unde’Sie
Paper 25.7% Ve ,
~ %

Figure 3.2. 6. Trade composition of raw residues (% on weight). (RB: oversieved residues from

B inerts 0.8%
[ Textiles 0.2%
B Metals 0.3%
[ Plastics 1.4%

I inerts 0.15%
[ Textiles 0.15%
[ Paper 0.2%
B Wood 1.2%
B Metals 1.9%
[ |Glass22%

RB RC

Undersieve 84.5%

separately collected biowaste; RC: oversieved organic waste after composting; RP: oversieved

plastic materials from mixed waste treatment).

RB is mainly characterized by coarse fractions, including plastics, paper as well as
putrescible in decreasing percentages. Conversely, undersieve (fine fraction, <20 mm) represents
the greatest fraction in both RC and RP residues (more than 84%), mainly represented by stabilized
biowaste in RC and inert material in RP. The composition reflects the origin of residues and affects

their biological stability, and carbon and nitrogen content.

Table 3.2. 1 illustrates the chemical-physical characterization of the raw residues in terms
of biological stability (RI7) and contaminants concentrations (x;) in the dry mass. The maximum
potential leaching rates (pi) are also provided for Carbon (DOC), Nitrogen (TKN) and metals (Cd,
Cr, Cu, Fe, Mn, Ni, Pb, Zn) calculated using the Eq. 3.2-1. The higher RI7, VS, TOC and TKN
values were detected, as expected, on RB residue, characterized by a relevant not stabilized
putrescible waste fraction, while the lowest values were detected on RP residue. Conversely, the

highest concentrations of metals were detected in RP for Fe and Mn.

When considering the maximum potential leachable rates, RB residues are characterised by
the highest amounts of leachable Carbon (9%), due to the presence of the high putrescible fraction,
that could be hydrolysed and transferred to the liquid matrix effectively.

Conversely, the highest amount of leachable TKN was detected in RP, which could be

justified by a prevalent form of ammonia nitrogen respect to organic nitrogen compared to the
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other residues. When considering heavy metals, the leachable fractions didn’t significantly differ

among the different residues.

Table 3.2. 1. Characterization of the raw residues (RW) in terms of contaminants concentrations
in the residues dry matter (xi, mg/kgrs) and maximum potential leaching rates calculated for the i-
contaminant (pi, %). pi valueswere calculated for Carbon (DOC), Nitrogen (TKN) and metals (Cd,
Cr, Cu, Fe, Mn, Ni, Pb, Zn) using the following formula (Eq. 3.2-1): pi = (e * L)/(xi * S); where i
= i-contaminant; e, = contaminant concentration in eluates of raw residues (mg/L); w=
contaminant concentration in water from washing; L= quantity of eluate/water (L); S =mass of
tested/washed waste (kgrs). (RB: oversieved residues from separately collected biowaste; RC:

over-sieved organic waste after composting; RP: over-sieved plastic materials from mixed waste

treatment).
RB RC RP
xi Units
Xi Pi Xi Pi Xi Pi
RIy goz/kg]'s 164.5 24.8 7.3
TS g /kgrw 380 670 770
VS g./kg 860 500 500

poc gskg, 600 9% 338 3% 2900 12%
TKN g/ke, 191 23% 166 25% 22  32%

Cd mg/kgrs 1.8  57% 135 74% 8.8 1.1%
Cr mg/kgrs 7.7 1.3% 278 04% 192  0.5%
Cu mg/kgrs 374 03% 551  02% 120  0.1%
Fe mg/kgrs 2107 - 6125 - 984 -

Mn mg/kgrs 377 - 545 - 284 -

Ni mg/kgrs 9.9 1.0% 103 1.0% 23.7 0.4%
Pb mg/kgrs 113 09% 243 04% 143  0.1%

Zn mg/kgrs  219.5  0.1% 387 - 931 -
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3.2.6.1 Washing pre-treatment tests: characterisation of water from washing tests and

washing efficiency

Residual waters were sampled and analysed for DOC during the washing treatment with the
aim of evaluate whether the selected washing procedure achieved the best trade-off between the
washing efficiency, duration, and water consumption. DOC concentrations in the washing waters
collected over time, demonstrated that washing duration does not affect DOC release (Table 3.2.
2), and 0.5 h pre-treatment would be enough, with a significant consequence, in case, on the design

of the reactor volume and on the energy needs.

Table 3.2. 2. Dissolved organic carbon (DOC) concentrations analysed in washing water at
different sampling times during the washing process. (RB: oversieved residues from separately
collected bio-waste; RC: oversieved organic waste after composting; RP: oversieved plastic

materials from mixed waste treatment).

RB RC RP
Time (h)
(mg/) (mg/) (mg/)
0.5 10900 1475 525
2 10500 1510 576
4 11050 1490 588
6 10900 2020 630

Residual waters resulting from the washing tests (six hours duration, L/S =5 L/kgrs) were
analysed in terms of DOC, COD, BODs, TKN, NH3-N, Chlorides and pH. The results, expressed

in terms of concentrations are reported in Table 3.2. 3.

The highest contaminant concentrations were detected in water from RB washing,
confirming the results obtained for the maximum potential leachable rates (p;). In general, all
residual waters from washing treatment are characterised by a high BOD/COD ratio, suggesting

that a biological treatment would be required for their treatment.
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Washing leaching rates (wi) were calculated according to the Eq. 3.2-2 for most relevant
parameters (DOC, Ammonia) and reported in brackets in Table 2. When comparing the maximum
potential leaching rates (pi, Table 3.2. 1) with the washing leaching rates (wi, Table 3.2. 3), the

results demonstrated how the washing test allowed the removal of most of the leachable fraction.

Table 3.2. 3. Characterisation of the residual water resulting from the washing tests in terms of
DOC, COD, BODs, TKN, NH3-N, Chlorides concentrations (which represented the wii term in Eq.
3.2-2) and pH. The washing leaching rates (wi), calculated according to the Eq. 3.3- 2, are reported
in brackets for most relevant parameters (DOC, Ammonia). (RB: oversieved residues from
separately collected biowaste; RC: over-sieved organic waste after composting; RP: over-sieved

plastic materials from mixed waste treatment)

Units RB RC RP
DOC mg /L 10900 (9%) 2020 3%) 630 (1.1%)
COoD mg /L 42800 10240 2470
BODs mg, /L 19588 799 657
TKN mg, /L 802 (21%) 770 (23.2%) 113 (25.7%)
NH3-N mg/L 209 239 39

Chlorides mg/L 1214 797 233

pH - 52 7.2 7

Washing efficiencies (1x,i, Eq. 3.3-3), defined as the percentage reduction of the maximum
potential leaching rates obtained by the washing treatment, are reported in Table 3.2. 4, jointly

with the contaminants concentrations in eluates from batch tests.

As expected, highest washing efficiencies have been detected for inorganic contaminants
such as chlorides (between 75 and 94%) and ammonia nitrogen (between 63 and 85%), confirming
the results of pi. Conversely, organic substances washing efficiencies were lower, particularly in
case of RP residues (17% and 16% for DOC and BOD respectively). This result is in line with

previous studies, where comparable washing efficiencies were achieved (Cossu et al., 2012).
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Table 3.2. 4. Batch leaching test results: i-contaminant concentration in eluates of both raw (e:;)
and washed (ew,) residues; washing efficiency of the i-contaminant (7, ;), defined as the

percentage reduction of the maximum potential leaching rates obtained by the washing treatment

and calculated according to the following equation: 17, ; = @ (RB: oversieved residues from
T,i

separately collected biowaste; RC: oversieved organic waste after composting; RP: oversieved

plastic materials from mixed waste treatment).

RB RC RP

€ri €ri €y i
"t Cy,i N xi " Ew,i H xi o CEw,i H xi

(mgL) ML) (%) (o) ML) (%) (pgr) (ML) (%)

DOC 5400 3620 33 1014 378 63 338 280 17
(6(0))} 22800 13350 41 5505 1800 67 1532 832 46
BODs 10604 3652 66 500 207 59 350 295 16
TKN 439 236 46 415 154 62 70 21 70
NH3-N 145 54 63 125 27 78 26 4 85

Chlorides 607 <35 >94 412 <35 >92 140 <35 >75

Cd <0.01 <0.01 0 <0.01 <0.01 0 <0.01 <0.01 -
Cr 0.03 0.04 - <0.01 <0.02 - <0.02 <001 >50
Cu 0.11 0.13 - 0.32 0.15 55 0.45 0.246 45
Fe 1.27 1.72 - 1.78 1.5 16 2.36 1.2 49
Mn 5.73 2.84 50 0.1 0.11 - 0.41 0.48 -
Ni 0.06 0.06 - <0.01 <0.01 - 0.17  0.0777 55
Pb <0.01 <0.01 0 0.04 0.04 6 0.08 0.0373 54
Zn 0.74 1.48 - 0.1 0.12 - 0.77 0.627 19
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3.2.6.2 Long term landfill leaching emissions: column tests

Long term landfill leaching emissions were simulated by using column tests, filled with both
raw and washed residues. Leachate extracted was analysed for the most relevant parameters (COD,

ammonia and Chlorides) at different L/S (Figure 3.2. 7).
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Figure 3.2. 7. Leachate characterisation for the target L/S ratios. (RB: oversieved residues from
separately collected biowaste; RC: over-sieved organic waste after composting; RP: over-sieved

plastic materials from mixed waste treatment; r: raw residues; w: washed residues).

COD, ammonia and Chloride concentrations in leachate from washed residues were always
lower than leachate from raw waste. Washing was particularly effective on RB and RC residues,
for which the maximum leachate contaminants concentrations were reduced respectively by
approx. 40% and 70% in terms of COD, by approx. 75% and 60% in terms of ammonia and by
approx. 80% in terms of chloride. Moreover, between L/S=0.5 and L/S=2 (corresponding to the
first 30 years lifespan after landfill closure), a higher increase in COD and ammonia concentrations
occurred in leachate from raw RB residues compared to the washed ones, due to organic substances
hydrolysis and ammonification processes, demonstrating the effectiveness of washing pre-

treatment in reducing the leachable potential emissions of residues, reducing the long term impact.
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The positive effect of washing pre-treatment on inorganic compounds, is attested by the trend
of Chlorides which concentration in short time reached very low values in all samples and

particularly RP reached very soon the undetectable concentration.

The variation of the contaminants concentrations in leachate over the time was predicted
considering an hypothetical landfill. Figure 3.2. 8 illustrated the predicted concentrations of COD
and ammonia over the time, of both raw and pre-washed residues. The results were compared to
COD and ammonia FSQ limits set by Italian Regional Guideline, (1500 mgO»/L and 50 mgN/L
respectively), which should be achieved within 30 years after landfill closure in accordance with

the sustainability concept.

Time required to reach COD and ammonia FSQ limits was always shorter in case of washed
residues compared to the raw ones. However, washed RP residues was the only one respecting

both COD and ammonia FSQ limits within 30 years after landfill closure.

When considering COD, the time to reach the FSQ limit was significantly shortened in
washed RB residues, which reached the target limit in 100 years, 40 years earlier than the time
reached by raw sample (140 years after closure). Conversely, RC residues showed a narrow
duration gap (15 years) in reaching COD limits between raw and washed samples (76 and 61 years,
respectively). With respect to RP samples, time required to reach COD limits is approx. 40 and 61

years respectively for washed and raw samples.

When considering ammonia, RC washed samples achieved the FSQ limit 177 years after
landfill closure, significantly earlier compared to raw residues (around 266 years later). Raw and
washed RB samples reached the limit respectively in 212 and 240 years. Washing was particularly
effective in case of RP residues, accomplishing with FSQ limits since the beginning in case of
washed samples. The results suggested that, although washing pre-treatment reduced the long term
impact of all tested residues, additional combined in situ treatment, such as in situ aeration, would
be required in case of RB and RC residues in order to improve the stabilisation of organic

substances and removal of nitrogen.
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Figure 3.2. 8. Predicted concentrations of COD and ammonia over the time of an hypothetical

landfill, filled with the different kind of residues, both raw and pre-washed. The reported FSQ

limits, fixed by Italian Regional Guideline, are1500 mgO,/L and 50 mgN/L respectively for COD

and ammonia. The grey part of the graphs corresponds with the opening period of the landfill. The

reference landfill sustainability time is 30 years after landfill closure, indicated in the graphs with

the broken line. (RB: oversieved residues from separately collected bio-waste; RC: over-sieved

organic waste after composting; RP: over-sieved plastic materials from mixed waste treatment; r:

raw residues; w: washed residues).
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3.2.7 Conclusions

The study evaluated the effectiveness of waste washing prior to landfilling on reducing the
emission potential and long-term impacts of three different kinds of residues from municipal solid
waste treatment, usually landfilled: residues sieved from separately collected bio-waste (RB);

residues sieved from compost (RC); and residues sieved from mixed waste treatment-plastic line

(RP).
The results obtained allowed the following conclusions to be drawn:

e The highest washing efficiencies (defined as the percentage reduction of the maximum
potential leaching rates obtained by the washing treatment) were achieved in case of
inorganic contaminants such as chlorides and ammonia, confirming the effectiveness of
the washing pre-treatment particularly in case of residues with high leachable inorganic
contaminants.

e The highest washing efficiencies of organic substances occurred in RB and RC residues,
due to the high putrescible fraction, easily transferred to water. However, they resulted to
be not sufficient for accomplishing the FSQ limits, due to the high organic substances
content in the original residues.

e Time required to reach COD and ammonia FSQ limits was always shorter in case of
washed residues compared to the raw ones, significantly reducing the long term emissions.
However, washed RP residues was the only one respecting both COD and ammonia FSQ
limits within 30 years. Due to the high contamination of not stabilised organics, in case of
RB and RC, biological pre-treatments or in situ treatment, would be preferred in order to
stabilise the organic substances and remove nitrogen.

e Other different washing procedures could be tested in order to improve the washing
performance, such as by using multiple short washing runs (Colangelo et al., 2012).

e Although the washing of waste might produce significant quantities of wastewater to be
treated, it may be compensated by the benefit of reducing the long term impacts of wastes,
reducing the cost for the landfill aftercare.

e Further investigation should focus on the Life Cycle Assessment of the washing of different
residues, to evaluate the short- and long-term impacts in both scenarios (with and without

pre-treatment) including the impacts associated to the wastewater treatment. Moreover, the
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stabilisation of contaminants, separated from wastewater through sludge should be
properly addressed to assure their sustainable disposal.

Under lab scale testing conditions, both washing efficacy and landfill operation are
optimised by the shredding of the waste material and by the small, controlled landfill
simulation. When the process is scaled up, both washing efficacy and long-term impacts

should be evaluated under pilot scale conditions of by considering a proper safety factor.
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4. Part Two: Column Leaching Test

Based on: Q Luo., V Grossule., MC Lavagnolo. Significance of self-designed column and standard batch

leaching tests in view of the sustainability of landfills.

Submitted: Waste Management

Abstract

Long-term emissions generated from a landfill achieve a Final Storage Quality (FSQ) in
equilibrium with the surrounding environment within a generation (typically 30 years) and pose
no potential risks are the critical indicator defining the sustainability of a landfill. The aim of the
study was to investigate the significance of both column flow-percolations and standard batch
leaching tests (UNI EN 12547-2) in view of assessing sustainability of a landfill, as well as
evaluating the FSQ. Both self-designed column leaching tests and standard batch leaching tests
were performed on residues from an old landfill (over 18 years). Different liquid/solid ratio (L/S)
irrigation and frequencies were applied in column leaching tests simulating different rainfalls, in
order to investigate the effect of different conditions on long-term emissions. The results revealed
that values obtained from standard batch leaching tests were not enough to assess the sustainability
of a landfill, and overestimated the real emissions occurring under landfill conditions. Irrigation
frequency in column leaching tests influenced both organics and inorganics variation only under
low water input conditions (L tests): higher the irrigation frequency, higher the flushing effects
and faster the concentration variation. Conversely, no significant influence was detected under
high water input conditions (H tests). Furthermore, a significant impact caused by irrigation
frequencies is reducing waste emission potential, implying possible improvements in in-situ
treatments. Meanwhile, values of ammonia nitrogen revealed that achieving FSQ limits requires a

longer period would over 30 years.

Keywords: Colum leaching test, standard batch leaching test, Final Storage Quality (FSQ)
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4.1. Introduction

Sustainable landfill plays the fundamental role of closing the loop of the materials which
cannot be further reintroduced in the Circular Economy (CE), giving them Back to the Earth (BEA,
Cossu, 2016) in a stable, not contaminating form. The concept of BEA implies that the CE residues,
after proper treatment, should be returned to their non-mobile state, as they were before they were
extracted from the ground to be used as raw materials. A landfill is considered sustainable and the
BEA properly fulfilled when, the emission quality achieved in a generation time (30 years) does
not have any significant environmental impact, achieving a Final Storage Quality (FSQ) in

equilibrium with the surrounding environment, so an active control is no longer required.

Accordingly, the landfill should be designed and developed in line with the principle of
environmental sustainability, adopting all measures required to control the waste stability and

immobilisation of contaminants (Grossule & Stegmann, 2020), such as (Cossu et al., 2020)

* minimization of the quantities of contaminants to be landfilled and of their potential
emissions by means of specific pre-treatments;
*  maximisation of the controlled removal of mobile contaminants, by means of biogas and
leachate generation and extraction;
*  maximisation of waste stabilisation by means of in situ treatments;
» use of physical barriers to control and remove mobile contaminants (bottom liner, drainage,
emissions collection, etc.,).
The effectiveness of the designed measures adopted for the sustainable landfill and the
capability of achieving the FSQ within one generation time should be properly assessed a priori.
Being leachate the main cause for long-term environmental impact of landfills, the leachate quality

forecast is an effective way of predicting the sustainability of the landfill.

Leaching tests represent the typical tool performed to assess the contaminants leachability
potential from waste, in which a liquid solvent is put in contact with the solid material. Leaching
tests allow to achieve several main goals: (1) predicting the total quantity of potential contaminants
can be released; (2) the time of waste samples achieves the equilibrium with environment; (3)
physicochemical and geochemical changes of samples undergo with time; (4) the difference of

time-dependent release before and after the proper treatment; (5) effects of leaching solvents and
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waste properties (Freyssinet et al., 2002.; Grathwohl & Susset, 2009; Luo et al., 2019; Pecorini et
al., 2017; Tiwari et al., 2015)

In general, leaching tests can be categorised in two macrocategories:

- Batch tests: single-addition leachant and shaking (constant and high Liquid/Solid ratio
(L/S))
- Column tests: renewed leachant and flow-percolating (accumulative L/S).

In addition to the leaching method, leaching behavior and results are also greatly dependent
on following factors: pH of solvents, the time of water in contact with the waste solid matrix, the
L/S ratio, temperature, and the intrinsic characteristics of the sample itself (particle size
distribution, chemical composition and the solubility of the mineral phases constituting the
residues, etc.) (Luo et al., 2019b; Parodi et al., 2011). Numerous studies investigated leaching
mechanisms (Grathwohl, 2014; Maszkowska et al., 2013; Olgun et al., 2013; Sazali et al., 2020),
and leaching results presented differences of orders of magnitude, especially as a function of pH,

but also in terms of the L/S ratios.

Examples of standard leaching tests are collected and briefly described in Table 4. 1.
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Table 4. 1. Standard leaching tests: column and batch leaching tests.

Category Filling process L/S (I/kg) Time pH Leachants Pa;;t;:le Standards
Saturated for 16 h up to three days, Distilled water/ nitric
then vertical up flow irrigation at a 0-10 5-75 acid/acetone <4 mm EN 14405 (2017)
rate of 10-20 ml/h
up-flow at a rate of 12 mi/h 0-10 Distilled water/  _ 55 0 EN 14405 (2017)
seawater
saturated for three days, then the
pump was started again setting a 0-10 Distilled water <12 mm EN 14405 (2017)
flow rate of around 48 + 5 ml/h
saturated for three days, then the
Column upwards flow rate was set at 72.1 0-10 Distilled water <4 mm EN 14405 (2017)
ml/h
saturated for three days, then the .
up flow rate was set at 10-15 mi/h 0-10 Distilled water EN 14405 (2017)
saturated for 16 h up to 72 h, then i
percolated for 10 -24 h 0-10 10-24 Distilled water 4-10 mm EN 14405 (2017)
upwards flow rate of 15 cm/day 0-10 Distilled water <4 mm EN 14405 (2017)
saturated for three days, then the .
up flow rate was set at 13 mi/h 0-10 Deionised water <4mm EN 14405 (2017)
First step: shaken for 6 h; then First step: 2;  First6 h;
collected leachates; second step: second step: second 8 Distilled water 2-10 mm EN 12457-3
renown regents, shaken for 18 h 8 h
Agitation 2 24205 Water <4mm  EN 12457-1 (2002)
Agitation 10 24 i 0.5 Water camm EN12457-2(2002)
First step 2; 6+05h
Agitation second step 8: 0’ 5 h, Water <4mm EN 12457-3 (2002)
8 0.
Batch Agitation 10 2405 Water <10mm  EN 12457-4 (2002)
50r 10 or 20 - TCLP 1311
Rotated at speed of 30 + 2 rpm or 50 48 h 3 deionized water <2mm (US 1999)
<2mm
Rotated at speed of 10 rpm 10 24 h Distilled water or and  EN 124572 (2002)
seawater 2-50
mm
Shaked 10 24 h Distilled water <4mm EN 12547-2 (2002)
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Continued Table 4. 2. Standard leaching tests: column and batch leaching tests.

Particle

Category Filling process L/S (I/kg) Time pH Leachants size Standards
I 288+ . R TCLP 1311 (US
Agitation at 30 £ 2 rpm 20 18 h 0.05 Glacial acetic acid+ water <4mm 1999)
Agitation at 10 £ 2 rpm 10 24+0.5h Deionized water <4mm EN 12457-2 (2002)
Agitation 10 24 h Demineralized water <4mm EN 12457-2 (2002)
Stirred at 10 rpm 10 24 h Deionized water 01-%  EN12457-2 (2002)
Tumbled at a speed Mixed leaching fluids TCLP 1311
of 30 rpm 20 18h (pH=4.93 and pH=2.88) < *+7°mMm (US 1999)
Tumbled at a speed Mixed leaching fluids SPLP 1312
of 30 rpm 20 18h (pH=4.20 and pH=5.00) = *7°mm (US 1994)
Rotated at 10 rpm 10 24 h Distilled water <4mm EN 12457-2 (2002)
First step 2, First 6 h,
Rotated at 10 rpm second step  second 8 Distilled water <4mm EN 12457-3 (2002)
8 h
Batch Rotated at 15 rpm 20 2h 7.3 Buffered solution <4mm 1ISO 14870
288+ Glacial acetic acid+ TCLP 1311
Rotated at 15 rpm 20 18£2h 505 deionized water <4mm (US 1999)
5%+ Sulfuric and nitric acid+ SPLP 1312
Rotated at 15 rpm 200 18£2h 405 deionized water <4mm (US 1994)
Rotated at 15 rpm 25 2 Ammonia acid <4mm 1ISO 19730
Rotated 5-10 rpm 10 24 h Distilled water EN 12457
Rotated 1000 rpm 10 48 h 10 Distilled water prEN 14997
Stirred at 250 rpm 2 24 h Deionized water <4mm EN 12457-1
Stirred at 250 rpm 10 24 h Deionized water <4mm EN 12457-2
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Continued Table 4. 3. Standard leaching tests: column and batch leaching tests.

Category Filling process L/S (I/kg) Time pH Leachants Particle size Standards
. NaOH + Acetic TCLP 1311
Stirred at 250 rpm 20 18 h acid <1mm (US 1999)
4,93 Acetic acid and TCLP 1311
Rotated at 13 rpm 20 18+2h 0.05 sodium hydroxide <9.5mm (US 1999)
4.20 + Sulfuric and nitric SPLP 1312
Rotated at 13 rpm 20 18+2h 0.05 acids <9.5mm (US 1994)
Four sequential 18 h; 42 h; 4.20 £ . . SPLP 1312
extraction steps 66h:90h 005 Acid solution <6.4mm (US 1994)
50+ . . TCLP 1311
Shaked 16 - 20 24 h 0.2 Acetic acid <9.5mm (US 1999)
Batch SPLP 1312
Shaked 20 18+0.3h 5.0 Sulfuric/nitric acid <4.75 mm (US 1994)
TCLP 1311
Shaked 20 18+0.3h 3.0 Acetate buffer <4.75 mm (US 1999)
Shaked 10 24 h Demineralized <4mm EN 12457-2
water
Two steps and First 6 and Demineralized
rotated second 10 10h water 5 mm EN 12457-3
Shaked 10 24 h Deionised water EN 12457-2
Deionised water + ISO/TS 21268-
Shaked 10 24h 1 mM CaCl 2:2010

As the feature of simple and fast operation, batch leaching test is extensively applied to
leaching investigation (di Gianfilippo et al., 2016). Standard batch leaching test (UNI EN 12547-
2) (L/S=10, T=24 h) is the official method used in many European countries to determine potential
risk of waste materials (Cossu et al., 2012; Cossu & Lai, 2013; Ettler & Johan, 2014; Mantis et al.,
2005), and it is used to establish the admissibility criteria to landfill by Italian legislations.
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Batch test is typically established by the contact between the solid phase and the chemistry
of the liquid phase rather than by contact time. As a consequence, biological phenomena are not
taken into account during the fast contact leaching process, leading to imprecise estimating of
organic pollutants that evolve during the phases of degradation (di Gianfilippo et al., 2016).
Moreover, the typically high L/S ratio, applied in batch test, assures the determination of a potential
contaminants release but in most of the cases unrealistic and with no information of the
concentration evolution till the achievement of a pseudo-equilibrium conditions (Galvin et al.,
2012; Jiao et al., 2016), missing the goal of ascertain the FSQ achievement and thus the landfill

sustainability.

Compared with the statistic batch leaching tests, dynamic leaching tests with flow-through
system and low-L/S ratio demonstrate to achieve a more realistic simulation of the natural
conditions (Lopez Meza et al., 2010; Maszkowska et al., 2013). Slow flow-percolations prolong
the contact of solid and liquid phase, not only simulating a closer natural condition, but also
accumulating possibly released both inorganic and organic pollutants, which improve the accuracy
of conclusions (Gupta et al., 2019). However, uncertainty still exists, related to the test duration
(particularly in case of biodegradable waste), appropriate choice of L/S ratio and irrigation
frequencies, which influencing the flow velocities would lead to a wrong estimation of the released

concentration that may be reached under field conditions (Grathwohl, 2014).

With the purpose of properly estimate the long-term emission from landfill, in view of
assessing the landfill sustainability by achieving the FSQ target, L/S ratio corresponding to one
generation time can be defined according to an estimation model of leachate production based on
mass balance of water influx and water released from the landfill, considering realistic rainfall data,
waste density value and effect of final top cover (Cossu et al., 2012). Regarding the irrigation

frequencies, their influence on results and the need of properly adjust them is still unknown.

Consequently to the discussed limitations of leaching tests, the objectives of the present

study were the following:

- Investigate the significance of both column flow-percolations and standard batch leaching
tests (UNI EN 12547-2) in view of assessing the landfill sustainability.
- Investigate the effect of different L/S ratios (corresponding to one generation time under

different rainfall/landfill conditions) and irrigation frequencies on the estimation of long-
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term emissions. FSQ targets set by Italian Regional Guideline (Grossule, 2020) were used

to ascertain the accomplishment of sustainability.
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4.2. Materials and Methods

4.2.1 Research Program Scheme

The research program is graphically represented in Figure 4. 1.

Standard batch leaching tests (UNI EN 12547-2) (L/S = 10 I/kgrs, TS = Total solids; T =24
h) were performed at the beginning of the experiment on raw waste to evaluate the waste emission

potential. The results were compared with landfill admissibility criteria set by Italian legislation.

Column leaching tests were conducted on raw waste samples to simulate different landfilling
conditions by adding different cumulative water quantities: 1.5 L/kgrs and 3 L/kgrs, defined as
low (L) and high (H) water input. Both water input quantities were irrigated at different frequencies:
10, 20 and 40 times, distributed over a period of 40 days. Leachates gained from column tests were
analyzed and final leachate quality was compared to FSQ target fixed by Italian Regional
Guideline (Grossule, 2020).

Waste samples after column tests were testes by standard batch leaching test, to estimate the

waste emission potential after 30 years landfilling.

Standard Batch Leaching Test
Raw waste

L/S =10 (I/kgrs), T =24 h (UNI EN 12547-2) -+ E

e et Fmmmmm -,

! Column Leaching Test H. Column Leaching Test '

! Low Water Input 1.5 (/kgrs) vl High Water Input 3 (I/kgys) E

1 I

| o |

| ¥ :

Self-designed Column i |T=40 days ||T=40days || T =40 days e T=40days || T =40days T=40days | !

Leaching test i o o o V! H

H Irrigation Irrigation Irrigation ' Irrigation Irrigation Irrigation |

! Frquency Frquency Frquency i 1| Frequency Frequency Frequency |

! (10 times) (20 times) (40 times) | ! ! (10 times) (20 times) (40 times) | |

i o i

: T T T : : T T T :

""" 22

Lo Lz Liso Ly 10 L 20 Ly a0
¥ !
W ; | Standard Batch Leaching Test

aste after column L/S = 10 (I/kgys), T = 24 h (UNI EN 12547-2) -->E

Figure 4. 1. Scheme of the research program (L/S = Liquid/Solid ratio; T= testing time; E; =

Eluates from batch leaching test of raw waste, and Ec = Eluates from batch leaching test of waste
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gained after column test; L1, Ly = leachates of column test with low and high quantity of input

water, respectively, and numbers represent irrigation frequency).

4.2.2 Waste Material

Waste material was collected from an old landfill (> 18 years) located in central Italy, and
both municipal solid waste and non-hazardous industrial waste were buried in this landfill.
Considering the heterogeneity of buried residues, quartering method (Figure 4. 2) was applied to
collect the representative sample of about 230 kg. Compositions of the waste material were
determined by means of a trade analysis (UNI 10802:2013). Large fractions of sample were
shredded to a size <20 mm for the column leaching tests and to a size of 4 mm for standard batch
leaching test. Total Solids (TS), Volatile Solids (VS), seven days Respirometric Index (RI7) and

metals were analyzed on the sample.

Quartering Method

original amount of waste

discard half of waste

discard half of waste

discard half of waste l

[ waste sample .

I discard sample final waste sample

Figure 4. 2. Quartering methods for collecting the waste sample.
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4.2.3 Analytical Methods

The parameters analyzed on both solid waste and liquid samples gained from both standard
batch leaching tests and self-designed column leaching tests were TS, VS, RI7, COD, NH4-N, TOC,
Chlorides, Sulfates, pH, and metals, respectively. Detailed methods and equipment regarding

analyses of all tested solid and liquid samples are reported in

Table 4.2 Standard methods used in analysing solid and liquid samples

Parameter Sample Method

pH liquid IRSA-CNR 29/2003 vol.1 n°2060

RI; Solid Sapromat and VoithSulzer Respiromat
TS, VS solid IRSA-CNR Q.64/84 vol.2 n°2

NH4-N liquid IRSA-CNR 29/2003 vol.1 n°4030¢
BOD;s liquid IRSA-CNR 29/2003 vol.2 n°51204, B, B2
TOC liquid Shimadzu TOC-VCSN analyzer

COD liquid IRSA-CNR 29/2003 vol.2 n°5130
Metals (Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, V, Zn)  liquid IRSA-CNR 29/2003 vol.1 n°3010
Chlorides liquid IRSA-CNR 29/2003 vol.2 n°40905
Sulphates liquid IRSA-CNR 29/2003 vol.2 n°4140g
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4.3. Results and Discussion

4.3.1 Raw Waste Analysis

Trade composition and granulometry of raw solid waste are illustrated in Figure 4. 3. Almost
half amount (49.0%) of the raw waste consists of undersieve (fine fractions < 20 mm). The coarse
fractions are mainly characterized by inerts (e.g. stones and glass) and plastics (rubber and mixed
plastics), accounting for 22.2% and 16.8%, respectively. Textile and wood contributed 8% of the
total, followed by metals (2.2%). Paper was in the lowest proportion (1.0%) due to the long-term
biodegradation (Figure 4.3a). The composition reflects the origin of residues and affects their
biological stability, and carbon and nitrogen content. The characteristics of raw solid waste
samples are illustrated in Table 4.3 and Table 4.4. The low values of RI; (1.3 mg/grs and
BOD/CODratio ( approx. 0.17) indicated an high biological stability of waste sample (Cossu and
Stegmann, 2018; Kjeldsen et al., 2002), which is corresponding to the old landfilling residues.
Relatively high heavy metals (e.g. Fe 360 ug/l, Mo 88.7 pug/l, Cu 79.1 ng/l, etc.) concentrations

are due to the presence of industrial waste.

(a) (b) - 100 ]

S /{>/ z

Undersieve 49% ED 0 v 0.3 1% é

Inerts 22.2% % e g

o S 60 28.4 % o

4 e, -

2 40 .

90 (&) 0% ~

(/) 4 O

o g a

= —_

o 20 S

[ | Paper 1.0% % S
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0
I Metals 2.3% <20 20-50 50-80 80-100 > 100
Diameter (mm)

Figure 4. 3. Trade composition of raw residues (% on weight) and granulometric distribution for

the waste sample (% on weight).

Regarding the granulometry of waste, the majority of the material had a dimension smaller
than 20 mm, accounting for the same proportion (49.0%) as undersieve fraction (Figure 4.3b).
The second large proportion was (28.4%) fraction’s dimension was between 20 and 50 mm,

followed by two relatively large sizes (50-80, 80-100 mm), accounting for 17.8% and 10.3%,
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respectively. Considering granulometric distribution of residues sample influenced by the

composition of the waste, the coarse fractions were shredded for further analyses.

Table 4.3 Characterization of the raw residues sample.

Parameters RI; TS VS Cd Co Cr Cu Fe Mn Mo Ni Pb Vv 7n

Units mgo./grs  grs/kgrw  gvs’kgrs  pg/l  ug/l pg/l ug/l pg/l pgl ugl pg/l opg/l opg/l pgl

Raw waste 1.3 710 210 <10 <10 <10 79.1 360 125 887 40 <10 19.2 364

4.3.2 Standard Batch Leaching Test on Raw Waste

Eluates from standard batch leaching test of raw waste were analyzed for TOC, COD,
ammonia nitrogen, chlorides and sulphates and the results are reported in Table 4. 4. The same
table provides the limits fixed by the Italian legislation (D.M. 27/09/2010) for TOC, COD,
chlorides and sulphates, for the acceptability of waste in non-hazardous landfill. All parameters
(both organic and inorganic contaminants) complied with limits established for disposal in non-

hazardous waste landfills.

Table 4. 4. Quality of eluate from standard batch leaching test on raw waste.

Standard batch Leaching test TOC (mg/l)  COD (mg/l) BODs(mg/l) BOD/COD NHs-N (mg/l)  CI" (mg/1) SO4* (mg/l)

Raw waste 60 250 42.5 0.17 69 63 235

Limits for non-hazardous

Jandfill 100 - - - - 2500 5000

4.3.3 Column Leaching Test of Raw Waste

Long-term landfill leaching emissions were simulated by using column leaching tests
(Figure 4. 4), in order to investigate whether the emission quality achieved in a generation time
does have any significant environmental impact and does achieve the FSQ in equilibrium with the

surrounding environment.
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Figure 4. 4. Self-designed Column leaching tests apparatus.

According to the landfill hydrological model applied by Cossu and Lai, 2012, two water
input (high-H and low-H) were chosen and tested to simulate two L/S corresponding to 30 years
after the closure of a landfill under different landfill conditions, respectively of 1.5 and 3 L/kgrs.
Particularly, the L/S achieved in one generation time might differ due to different rainfall

conditions and landfill top cover typologies.
Both water inputs were irrigated with different frequencies over a period of 40 days.

The variation of inorganic parameters, such as ammonia nitrogen, chlorides and sulfates,
under different irrigation conditions are illustrated in Figure 3. In the same figure, FSQ limits are

also illustrated.

The presence of ammonia nitrogen in leachate is one of the main factors causing the longest-
lasting environmental impacts (Kjeldsen et al., 2002). It therefore becomes the critical parameter

for evaluating the sustainability of a landfill.

With respect to the quantity of irrigation, the fastest decrease of NH4-N occurred in L tests,
(Figure 4. 5) probably due to the combination of both biological degradation and flushing effect.

Presence of biological degradation was also suggested by the initial increase of ammonia
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concentration, that might be justified by ammonification processes, particularly evident under high
frequency irrigation conditions (L4o). Conversely, the solely flushing effect occurring in H tests
may justify the slowest variation of ammonia concentrations. As a result, all L tests (with the
exception of L4o) achieved the FSQ limit within the 30 years L/S (1.5 L/kgrs), while none of the
H tests achieved the FSQ target.

Irrigation frequency influenced ammonia variation only under low water input conditions (L
tests): higher the irrigation frequency, higher the flushing effects and faster the ammonia variation.
The only exception was test L4o, where ammonification increased the leachable nitrogen, and
ammonia concentrations remained higher compared to the other L tests. Conversely, no influence
occurred under high water input conditions (H tests), implying the rainfall frequency might not
have the same significant impact on NH4-N emission as rainfall quantity under high rainfall

conditions.

With regard to Chlorides and Sulfates, flushing effect was discovered as the main factor
contributing to decreasing the concentrations both in high- and low-quantity irrigation tests. Due
to the highly readily leachability of chlorides and sulfates, those two inorganic compounds are
easy to be extracted by water (Alam et al., 2017). Therefore, various irrigation frequencies didn’t
affect significantly the concentration variations. Furthermore, concentrations of chlorides and
sulfates in all groups have been found to reach the FSQ within 30 years, demonstrating leachable

inorganic compounds are easy to achieve equilibrium with the environment.
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Figure 4. 5. Inorganic values of leachates generated from low and high groups of column leaching

tests. L represents a low-quantity of water irrigation (1.5 L/kgrs), H represents a high-quantity of

water irrigation (3 L/kgrs). Numbers 10, 20 and 40 represent 10-time, 20-time and 40-time input

frequencies during 40 days, respectively.
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Variation of organic contaminants concentration, such as COD and TOC, are illustrated in
Figure 4.6. Being quite low the BODs value and BOD/COD ratio measured in eluates from batch
leaching test of raw waste (Table 4.4), most of organics can be considered as not biodegradable,

and the variation of both COD and TOC can be ascribed in all tests to the only flushing effect.

COD concentrations were below FSQ limit in all tests, however both COD and TOC
variation were influenced by the input water: fastest concentration decrease occurred in L tests, in

particular in high frequency irrigation test (Lao), but lowest concentrations were achieved in H tests.

Irrigation frequency influenced organics variation only under low water input conditions (L
tests): higher the irrigation frequency, higher the flushing effects and faster the concentration
variation. Conversely, no significant influence was detected under high water input conditions (H

tests), similarly to ammonia variation.
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Figure 4. 6. Organic values of leachates generated from low and high groups of column leaching
tests. L represents a low-quantity of water irrigation (1.5 L/kgrs), H represents a high-quantity of
water irrigation (3 L/kgrs). Numbers 10, 20 and 40 represent 10-time, 20-time and 40-time input

frequencies during 40 days, respectively.

4.3.4 Cumulative Contaminants Extraction from Column Leaching Tests
The cumulative contaminants extraction from column leaching tests normalized to the
maximum potential emissions (provided by the standard batch leaching test on raw waste) is

illustrated in Figures 4.7 and 4.8.
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Figure 4. 7. The ratio between total inorganic contaminates collected from column leaching tests

and the potential inorganic values generated from standard batch leaching tests. (T: total amount

of values accumulated in column leachates; P: potential released values in batch leachates)
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Figure 4. 8. The ratio between total organic contaminates collected from column leaching tests
and the potential organic values generated from standard batch leaching tests. (T: total amount of

values accumulated in column leachates; P: potential released values in batch leachates)

In general, the high frequency was found to contribute to high accumulative releasing
amounts of both organic and inorganic contaminants, both in low-quantity and high-quantity
irrigation groups: the accumulative amounts were in Lao> L2o > Lio, Hao > H20 > Hio. The only
exception was sulphates. According to this result, higher the irrigation frequency, higher the

reduction of the waste emission potential.

In general, for all parameters under all testing conditions, the cumulative contaminants

extraction reached a plateau at values between 0.2-0.8, meaning that the accumulative emissions
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from column leaching tests are quite far from the potential emissions assessed by means of batch

leaching tests, which are overestimating the emissions from a real landfill.

4.3.5 Standard Batch Leaching Test on Waste After the Column Leaching Tests

Standard batch leaching tests were conducted on the waste collected from column leaching
tests in order to evaluate the residual emission potential. The results obtained are illustrated in
Table 4.5. Comparing the quality of eluate from batch leaching tests of raw waste (Table 4.4) and
of waste after column leaching test (Table 4. 5), the emission potential resulted to be significantly
reduced after 30 years landfill simulation. In particular the highest emission potential reduction
occurred in L tests and under high irrigation frequency (Lao, H40), consistently with results from
column leachate test. Those values are corresponding to the results gained in Figures 4.7 and 4.8:
improving the irrigation frequency could enhance the extraction amount of contaminates,
meanwhile, fewer amounts of contaminates remained in the waste (the waste in the column).

Therefore, irrigation frequency should be taken into account for landfilling treatment.

Table 4. 5. Quality of eluates from standard batch leaching test of waste from column tests. (L
represents a low-quantity of water irrigation (1.5 L/kgrs), H represents a high-quantity of water
irrigation (3 L/kgrs). Numbers 10, 20 and 40 represent 10-time, 20-time and 40-time input

frequencies during 40 days, respectively.)

Standard batching leaching test ~ TOC (mg/l)  COD (mg/l)  NHi-N (mg/l) CI' (mg/1) SO4* (mg/l)

Waste after column-Lio 13 78 18 <35 122
Waste after column-Log 12 120 4 <35 99
Waste after column-Lao <10 78 2 <35 <10
Waste after column-Hjo 12 102 14 <35 <10
Waste after column-Hao 13 112 13 <35 60
Waste after column-Hao <10 74 8 <35 <10

4.4. Conclusion
Two types of leaching tests were carried out in the present study by means both column
flow-percolations and standard batch leaching tests (UNI EN 12547-2) in view of assessing their

significance in predicting the landfill sustainability.
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Column leaching tests were performed under different L/S ratios (corresponding to one
generation time under different rainfall/landfill conditions) and irrigation frequencies to assess

their influence on the estimation of long-term emissions.
The results obtained allowed the following conclusions to be drawn:

e Fluates quality from standard batch leaching tests on raw waste demonstrated the waste
sample used in the present study meets the limits for non-hazardous landfills. However,
they are resulted to be not reliable for assessing the achievement of sustainability targets,
being FSQ limits not always achieved in column leaching tests.

e The cumulative contaminants extraction from column leaching tests normalized to the
maximum potential emissions (provided by the standard batch leaching test on raw waste)
for all parameters under all testing conditions reached a plateau at values between 0.2-0.8,
suggesting that the emission potential estimated by means of batch tests is overestimating
the real emissions occurring under landfill conditions.

e [Irrigation frequency influenced both organics and inorganics variation only under low
water input conditions (L tests): higher the irrigation frequency, higher the flushing effects
and faster the concentration variation. Conversely, no significant influence was detected
under high water input conditions (H tests).

e Irrigation frequencies had a significant impact on the reduction of waste emission

potential, and it could be taken into account to improve the in-situ treatments.
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5. General Conclusions

This thesis work was developed based on the concept of sustainable waste management. All
efforts poured into this work mainly focus on achieving sustainable waste management and

accomplishing the target of closing the material loop in the Circular Economy (CE).

Sustainability principle has been applied to guide the holistic waste management system due
to the increasing need for resources. CE particularly highlights recycling materials from waste and
reducing the consumption of raw materials, which has provided a global strategy for current solid
waste management. However, the missing part in the concept of CE could not truly accomplish

the closure of materials loop: landfilling disposal of non-renewable residues.

Although according to moral, ideological, and absolute principles, landfilling is regarded as
an “bad, obsoleted” solution to waste management and ranks at the bottom of the waste hierarchy
(Cossu, 2009., Cossu, et al., 2020), landfilling plays a fundamental role either depositing the
increasing non-renewable residues in a low-cost way either offering the opportunity to recover
resources in closing the loop of materials. therefore, landfills as the final sink storing non-recycled
residues should be built with the aim of reducing diffusion of contaminates and preventing the
long-term potential emission, in order to achieve the target to ascertain environmental safety and

close materials loop in a sustainable way with respect to environment, economy as well as

] Washing Pre-treatment Test to Enhance the
Residues quality of landfilling waste

\l/ Circular Economy

@ Pre-treatment
Sustainable Landfill

N2
Residues \l/ \l/

Evaluation of FSQ
L% Column Leaching Test to Assess the
— Sustainability of a Landfill

Sustainable landfill

technology.

Figure 5. 1 The scheme of the holistic research plan.
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A sustainable landfill relies on both pre-treatments and in situ treatments to stabilise the
residual waste and immobilise the contaminants, achieving the FSQ within one generation. For
those purposes, the thesis study developed a systematic work particularly focused on stabilising
the buried residues to shorten the time achieving environmental equilibrium and assessing the

sustainability of a landfill.

To stabilize landfilling residues and immobilize potential contaminants, a lab-scale waste
washing pre-treatment was applied. Three types of residues were performed with washing
procedures and were demonstrated with a significant reduction in contaminants, particularly in
inorganic contaminants, confirming the effectiveness of the washing pre-treatment particularly in
case of residues with high leachable inorganic contaminants. Simulation in column tests showed
that time required to reach COD and ammonia FSQ limits was always shorter in case of washed
residues compared to the raw ones, significantly reducing the long-term emissions. However, only
the sample RP (after composting) was the only one respecting both COD and ammonia FSQ limits
within 30 years. RB and RC samples of high contamination of not stabilised organics could not
achieve FSQ within 30 years. Washing of waste proves a new strategy in waste management by
controlling and reducing long-term emissions, as well as shortening the time to reach
environmental equilibrium. However, to achieve a high washing efficiency and effective
contaminant removal, biological pre-treatments or in situ treatment should co-process with the
washing pre-treatment for removing unstable organic substances from the target waste. Besides,
under lab scale testing conditions, both washing efficacy and landfill operation are optimised by
the shredding of the waste material and by the small, controlled landfill simulation. When the
process is scaled up, both washing efficacy and long-term impacts should be evaluated under pilot

scale conditions of by considering a proper safety factor.

Based on obtained results achieving the FSQ by waste washing pre-treatment research, the
significance of both column flow-percolations and standard batch leaching tests in view of
assessing the landfill sustainability was investigated subsequently. Investigation results found that
values from standard batch leaching tests could measure the limits of landfilling but are not enough
to assess the sustainability of a landfill and overestimated the real emissions occurring under

landfill conditions. Furthermore, results from column leaching tests demonstrated that irrigation
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frequency influenced both organics and inorganics variation only under low water input conditions

instead of high water input.

Assessing the sustainability of landfilling by performing column leaching tests provides an
optional and reliable method to tell the “landfilling truth” that batch leaching of short-time and
high L/S could not reveal. The investigation related to irrigation frequency and quantity would
also give a possible suggestion for in-situ treatment of landfill. Furthermore, the phenomenon of
ammonia concentrations of high water input groups (H tests) approaching but could not achieve
FSQ also provides new eyesight in waste management in tropic areas. Proper management of the
water input quantities or frequencies should take into account to improve the sustainability of

landfills within one generation.
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Appendix

Experimental Equipment

The following equipment was applied either for experiments or analysis of samples.

washing machine

washing water

Figure appx. 1 Washing pre-treatment equipment, and washing process was continuously
conducted at a speed of 22 rpm at room temperature.

ﬁ

Figure appx. 2. Apparatus for standard batch leaching test (UNI EN 12547-2: L/S=10, duration
24 h)
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Figure appx. 3. The different sizes of sieves for trade composition and samples separated from

the sieve.

decionized |
water

waste
sample

output
leachates

Figure appx. 4. Column test apparatus
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Experimental Samples

Figure appx. 5. Raw waste materials for waste washing experiments

L/S=0.5; L/S=1; L/S=1.5; L/S=2; L/S§=5; L/S=10; L/S=15

raw washed raw washed raw yvashed

Figure appx. 6. Leachates collected at different L/S ratios from column tests carried out on both

washed and unwashed residues.
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Figure appx. 7. Waste sample collected from the old landfill (over 18 years)

Figure appx. 8. Leachates collected from column tests carried out on old-age residues.
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Compositions of Waste Samples

Table appx. 1. Detailed compositions of RB waste (kg).

sieve 100 mm sieve 50 mm sieve 20 mm <20 mm
1 2 tot 1 2 tot 1 2 tot 1 2 tot Total amount
kg kg kg kg kg kg kg kg kg kg kg kg kg
Paper 0.14 - 0.14 32 1.6 4.8 83 24 107 - - - 15.2
Glass - - - - - - - - - - - - -
Putrescible - - - 283 087 37 654 292 946 - - - 13.2
Plastics 7.7 252 1023 55 1.7 721 217 059 276 - - - 20.2
Metals - - - 0.03 0.05 0.08 - - - - - - 0.08
Wood 034 0.1 044 0.18 0.09 0.27 0.08 0.11 0.19 - - - 0.9
Textiles 04 - 037 084 023 107 023 - 023 - - - 1.67
Udesieve  _ . BN . - B - . 683 206 8.89 8.89
Total - - 1118 - - 1712 - - 2332 - - 8.89 60.51
Table appx. 2. Detailed compositions of RC waste (kg).
sieve 100 mm sieve 40 mm sieve 20 mm <20 mm
Total amount
1 2 tot 1 2 tot 1 2 tot 1 2 tot
kg kg kg kg kg kg kg kg kg kg kg kg kg
Paper - - - - - - - - - - - - -
Glass - - - - - - - - - - - - -
Wood - - - 051 041 092 191 1.16 3.07 - - - 3.99
Plastics - - - 016 0.12 0.28 0.16 0.11 0.27 - - - 0.55
Metals - - - - - - 0.03 0.04 0.07 - - - 0.07
Inerts - - - - - - 0.01 0.0 0.02 - - - 0.02
Textiles - - - 002 0.04 0.06 0.02 0.02 0.04 - - - 0.1
Others - - - - 0.08 0.08 0.16 0.06 0.22 - - - 0.3
E‘Z“Oie;ls;fve - - - B - - - 15.95 1708 33.03 33.03
Total - - - - - 1.34 - - 3.69 - - 33.03 38.06
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Table appx. 3. Detailed compositions of RP waste (kg).

sieve 40 mm sieve 20 mm <20 mm
1 2 3 tot 1 2 3 4 tot 1 2 3 tot Total amount

kg kg kg kg kg kg kg kg kg kg kg kg kg kg
Paper 0.02 - - 002 0.03 0.01 001 - 005 - - - - 0.07
Glass - - - 0 03 0.11 0.15 0.14 0.7 - - - - 0.7
Textile 0.02 - - 0,02 0.01 0.02 - - 003 - - - - 0.05
Plastics 032 0.02 0.05 039 09 098 043 034 265 - - - - 3.04
Metals 0.15 - - 015 021 0.13 0.05 0.04 043 - - - - 0.58
Inerts - - - 0 002 0.01 0.01 0.01 0.05 - - - - 0.05
Wood 0.01 0.05 0.06 03 0.01 - - 031 - - - - 0.37
undesieve ... . . . .. s 172 359 264 26.4
Total 0.64 422 - - - 264 31.26

Table appx. 4. Detailed compositions of residues from the old landfill (kg) (NB: the total weight

has minus the weight of containers used for balancing the weight of samples)

Sieve 100 mm Sieve 80 mm Sieve 50 mm Sieve 20 mm <20 mm Total
1 2 3 tot 1 2 3 tot 1 2 3 tot 1 2 3 tot 1 2 3 tot
kg kg kg kg kg kg kg kg kg kg kg kg kg kg kg kg kg kg kg kg kg

Plastics 4.6 8.79 4.6514.443.644.792.79 7.56 3 3.683.22 6.24 4.81 526 4.1 1051 - - - - 61.95
Paper ~0.95 0.87 0.78 0.820.770.55 0.58 0.550.770.55 0.31 0.67 0.77 0.73 0.61 - - - - 3328
Metals 135 0.9 - 1.21 1.60.641.03 1.71 1.1 0.691.35 1.58 0.67 1.07 0.67 0.85 - - - - 28.46
Inerts 226 158 2.8 1.253.5 1.87 5.06 4.245.395.4713.5410.23 9.86 11.2529.78 - - - -  73.45
Textiles  2.143.38 - 4.48 1.60.961.552.55 1.651.241.44 2.77 10.04 0.86 1.09 1043 - - - - 33.82
Eg‘;e;ls;fve 32.0440.3340.8113.17

230.96
Total  7.6311.244.8423.715.617.364.4917.467.248.478.7324.4423.1214.5214.5452.1832.0440.3340.8113.17
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Operations for Physical and Chemical Analysis
Total Solid (TS) and Volatile Solids (VS) Analysis

Total solid (TS) analysis was performed for determining the net dry mass of waste samples.
Each waste sample was placed in crucible and was weighted by using an analytical balance, and
then was dried in the oven at the temperate of 105 °C for 12 hours. After drying, waste samples
were weighted by using analytical balance, and TS of samples was caculated by the following
equation 12. Volatile solid (VS) analysis was perfermed with the dry waste samples gained from
TS analysis, as shown in Figure appx. 9. Waste samples were placed in the muffle furnace at the
temperate of 550 °C for 3 h. When the temperature of the samples in the muffle furnace dropped to
room temperature, VS was calculated by equation 13. Each sample was prepared in triplicates for

both TS and VS analysis.

The equation used to determine the TS in a solid sample (IRSA-CNR Q.64/84 vol.2 n°2):

Wios — W

TS [%] = W
s

100 (12)

Where Wios= weight of the sample and of the container after 12 h at 105 °C (g); Wc = weight
of the container (g); Ws = weight of the sample analysed (g).

Equation used to calculate the VS in a solid sample (IRSA-CNR Q.64/84 vol.2 n°2):

Wios — Wsso

VS %l == ~——
105 c

100  (13)

Where Wios = weight of the sample and of the container after 12 h at 105 °C (g); Wsso =
weight of the sample and the container after 3 h at 550 °C (g); Wc = weight of the container (g).

analytical balance oven

Muffle furnace

sl
crucibl_c

-

s o %3
LT} -""
%Y

waste sample

Figure appx. 9. Total solid and volatile solid analysis.
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Dissolved Organic Carbon (DOC)
Dissolved organic carbon (DOC) defined as the organic matter that is able to pass through a
0.22 pm filter. DOC concentrations in the eluates derived from the leaching tests of the raw and

washed waste samples and in the washing waters was measured by the method of IRSA-CNR

29/2003 vol.2 n°5130.

Respirometric Index (RI7)

The seven-days respirometric index (RI7) was determined by means of the Sapromat
apparatus (Figure appx.10). According to the procedure followed, the samples preparation
required a moisture content in each sample equal or higher than 50%; for this reason, depending
on the TS content in the sample, the respective amount of water to be added was calculated

according to the following equation:

My — M;
A
T (14)

Where V20 = volume of water to be added to the sample in order to reach a moisture content

Voo = Ws -

equal to 50%; W, = weight of the sample (g); M= final moisture content of the sample (%); M, =

initial moisture content of the sample (%).

Figure appx. 10. RI; samples preparation.

Total Kjeldahl Nitrogen (TKN)

Waste samples were analyzed by total Kjeldahl nitrogen (TKN) to determine both the
organic and the inorganic forms of nitrogen. The analysis started with concentrated sulfuric acid
digestion of samples organics, converting organic nitrogen to ammonia. It requires that samples

boiled in concentrated sulfuric acid, potassium sulfate, and a copper catalyst to convert the organic
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nitrogen to ammonia, the procedure as shown in Figure appx.11. The samples collected from
distillation procedure were titrated with boric acid to determine the ammonia. TKN content in
liquid samples was calculated by means of an automatic titration (IRSA-CNR 29/2003, vol.2

n°5030) according to the following equation:

Vit * Neie - 14000
tit " Neie (15)
Vs

Where, as for the ammonia nitrogen calculation, Vi = volume of the titrant solution used

TKN [mgy/L] =

(ml); Ni = normality of the titrant solution (N); /4000 = equivalent weight of nitrogen; Vs =

volume of the sample analysed (ml).W

In order to determine the TKN content in solid samples, the following equation was used

(IRSA-CNR Q.64/85, vol.3 n°6 mod.):

Vtit : Ntit : 14000
16
i (16)

Where Vii: = volume of the titrant solution used (ml); N = normality of the titrant solution (N);

TKN [mgy/kgl =

14000 = equivalent weight of nitrogen; Ws = weight of the sample analysed (g).

sample afier digestion sample afier distillation sample for titration

Figure appx. 11. TKN analysis procedures.

Total Organic Carbon (TOC)
Total amount of carbon in organic compounds of both solid and liquid waste samples was
measured by total organic carbon (TOC) analysis. The measurement was completed with the

specific equipment (Shimadzu TOC-VCSN analyzer) seen in Figure appx.12.
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Dissolved Non dissolved
organic carbon organic carbon

Total organic

cabochon
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fats, alcohol,
ect.)

Non purgeable
organic carbon

Figure appx. 12. TOC measurement and the equipement.

Chemical Oxygen Demand (COD)

Chemical Oxygen Demand (COD) analysis was applied to determine the oxygen-depletion
capacity of liquid samples contaminated with organic waste matter. Liquid samples obtained from
leaching eluates of raw and washed residues were measured with the wet chemistry method (IRSA-
CNR 29/2003 vol.2 n°5130). The analysis procedure involved a two-hour digestion at high heat
under acidic conditions in which potassium dichromate acts as the oxidant for any organic material
present in a water sample. Silver sulfate was present as the catalyst and mercuric sulfate acted to
complex out any interfering chloride. Following the digestion, the extent of oxidation was
measured through indirect measurement of oxygen demand via electrons consumed in the
reduction of Cr®* to Cr**. The prepared samples finally were done by titration or spectrophotometry.

And all the processes could be seen in Figure appx.13.

liquid sample digestion i . analysis
Figure appx. 13. COD analysis devices.
Biochemical Oxygen Demand (BODs)

The amount of organic pollutants in the samples was determined by the test for biochemical

oxygen demand (BOD), while in this study, the test of BODs with the duration of 5 days was used
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for analysing eluates from raw and washed waste batch leaching tests, measuring the oxygen
consumed by bacteria from the decomposition of organic matter. The procedure followed was the

IRSA-CNR 29/2003 vol.2, n® 5120A.

Chlorides (CI")

Chlorides (CI') of samples were detected by the method of IRSA-CNR 29/2003, vol.2
n°4090B. When a few drops of a silver nitrate solution were added to a slightly acidic aqueous
solution that contains chloride ions, a white precipitate of silver chloride will form, while in this
study, an automatic titration is used to measure the amount of CI" (Figure appx.14). The equation

used in order to determine the content of CI in liquid samples by means of the following:

Vtit " Ntit " 354‘57
Vs

Where V= volume of the titrant solution used (ml); N = normality of the titrant acid (N); 35457

Cl™ [mga /L] = (17)

= equivalent weight of chloride; Vs = volume of the sample analysed (ml).

sample after titration

Figure appx. 14. Chlorides analysis.

Heavy Metals determination and pH
The determination of heavy metals in liquid samples was conducted by analysing Cd, Cr,

Cu, Fe, Mn, Ni, Pb, and Zn according to the methods of IRSA CNR 29/03 vol. n"3010+2020.
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pH was an important parameter of liquid samples and was measured by an automatic

machine according to the method of IRSA-CNR 29/2003, VOL 1, N. 2060.

Ammonia Nitrogen (NH4-N) Analysis

Ammonia nitrogen (NHs-N) of leachates generated from tests were determined by means of
an automatic titration (IRSA-CNR 29/2003, vol.2 n°5030). NH4-N concentration in the liquid
samples was calculated by the following equation:

Viit = Neie - 14000 (18)

NH,-N [mgn/L] = ==—-

Where, as for the ammonia nitrogen calculation, Vi = volume of the titrant solution used
(ml); Ni¢ = normality of the titrant solution (N); /4000 = equivalent weight of nitrogen; Vs =

volume of the sample analysed (ml).

SO4> analysis

SO4> in liquid samples was determined using the method of IRSA-CNR 29/2003, vol 2, n.
4140g. Liquid samples were prepared by mixing with 10 ml of glycerin solution and 5 ml of barium
chloride solution, and then the mixture was stirred for 2 minutes on a magnetic stirring machine.
The absorbance of the sample against the blank at a wavelength of 390 nm was read by an
ultraviolet spectrophotometer. All the selected liquid samples should be colourless and non-cloudy

in order to avoid the interference of colour.

sample dilution magnetlc stirring apparatus ultraviolet spectrophotometer

Figure appx. 15. Sample preparation of SO4* analysis and apparatus.
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