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Abstract

There are various methods to analyse waste, which differ from each other according to the level of detail of
the composition needed to know. Waste composed by plastic and used for packaging, for example, can be
classified by chemical composition of the polymer used for the specific product. At a more basal level, before
dividing a waste according to the specific chemical material of which it is composed it is possible and also
important to classify it according to the material category. So, if the secondary aim is to consider the
particular polymer that constitutes a plastic waste, or what kind of natural polymer composes a specific waste
made of wood, the first aim is to classify the product category of the material that makes up the waste, so, if
it is wood made, or plastic, or glass made or metal, or organic. There are not specific instruments to make
this subdivision, not specific chemical tests, but only a manual recognition of the material that makes up the
product or waste.

This product analysis is important to obtain information about waste composition, first to prove if the applied
methods of separate collection are functional and subsequently to find the best technologies to recycle
specific kind of waste.

The first steps of this study is a recognition of the materials of which the waste is composed, the second is a
the quantification of differentiated and unsorted waste produced in the area under study, the third is a mass
balance of the portions of waste sent for recovery in order to obtain information on quantities that can be
effectively recovered and ready for new life cycle as raw material; the fourth and last step is an environmental
assessment that provides information on the environmental cost of the recovery process.

This process scheme is applied to various specific kinds of waste from separate collection generated in a
regional specific area with the aim to find a model analysis appliable to other portions of territory in order to
improve knowledge of waste composition and recovery technologies.



1. Introduction and aim of the Thesis

1.1. Definition of territorial area investigated and motivation

Marche is one of the twenty Italian regions, located in center of Italy on the east coast. The territory
is hilly (69%) and mountainous (31%), flat areas arise only close to the coastlines. Mount Vettore
(2,476 meters) is the highest point in the Region. Several rivers descend from the Apennines, which
however often have a torrential regime, given the not excessive distance of their sources from the
Adriatic Sea, the main ones are Tronto and Metauro. Marche has five districts: Ancona (AN), province
attached to the most important town, Pesaro-Urbino (PU), Macerata (MC), Fermo (FM) and Ascoli
Piceno (AP). Its economy has developed in recent decades, mostly in the industrial and tertiary
sectors. The most cultivated agricultural products are wheat, vegetables, fruit, olives, wine grapes
and sugar beet; fishing has more weight than farming. The industry is thriving especially in the paper
sector, as well as in many other branches. Tourism focuses on seaside resorts and on some cities of
historical and artistic interest. This has been selected as boundary of the study target territory
because of the availability of data.

The Environmental Protection Agency is a public authority present in every Italian region that
administrate many tasks on the environment, on first monitoring, sampling and analysing surface
water, deep water, air and industrial emissions into the atmosphere, waste production and
management, excavated earth, interactions with ionizing and non-ionizing radiation and protection
from noise pollution. On second step it helps public administrations responsible for issuing permits
to operate, in verifying compliance with environmental legislation by verifying the Environmental
Impact Assessment (in Italian: VIA Valutazione d’'Impatto Ambientale) procedures.

Inside every Regional Agency the office called "Regional Section of the Waste Cadastre" holds the
knowledge on the production and management of municipal and special waste. This office holds
databases about waste generation and treatment and suitably trained technicians process the data
in order to provide information to ISPRA (Italian Higher Institute for Environmental Research) and to
the Ministry of the Environment and Energy Security. The functions of the Waste Register are
regulated by article 189 of Legislative Decree 152 of 2006 also known as the Consolidated
Environmental Law. Among the different Regional Sections, the one at with the task of managing the
Annual Waste Reporting (relating to both separately collected and mixed waste) is the Waste
Register. The Register collects all the data related to the municipal waste generation per year (the
total number of municipalities is 227). The database contains every kind of waste (sorted and
unsorted) and all the information about the transportation from municipalities to the first destination
plants. These data are stored in a special web-based database named Osservatorio Rifiuti
Sovraregionale (Supra-Regional Waste Observatory). ORSo can be consulted by the Environmental
Protection Regional Agencies, as well as by the administrators of the municipalities and the collection
service management societies. On the other hand, data concerning the waste traceability, from first
destination plants to the final recovery sites, are obtained from the Environmental Declaration Model
(MUD). In fact, annually, all the waste producers and recovery plants manager must declare the
amount of waste produced and recycled in their own MUD, before sending them to the authorities.
Both tools will be described in details later in paragraph 2.4.

In the past, different studies of University of Bologna have investigated waste generation in this
particular Region, so the whole study set again the target on this area to elaborate some new aspects
and to research about new features on particular kinds of waste and their management. Other
important information acquired by the Regional Register are about municipal waste product
composition. The consideration of all this available information can return management analysis and
parameters.



1.2. Definition of “waste” (Legislative and Technical)

Legislative Decree 152 of 2006 in addition to the definition of the Cadastre also contains the
definition of waste.

Both in EU and Italy (art. N. 183 Decreto legislativo 3 aprile 2006, n. 152 Norme in materia
ambientale), waste is defined as “a material, substance, or by-product eliminated or discarded as no
longer useful or required after the completion of a process”. Wastes are unwanted or unusable
materials. Any substance which is “discarded after primary use, or is worthless, defective and of no
use” is also classified as a waste. On the other hand, a by-product is “a joint product of relatively
minor economic value”.

‘Waste’ means any substance or object which the holder discards or intends or is required to discard;
(DIRECTIVE 2008/98/EC Of the European Parliament and of the Council of 19 November 2008 on
waste and repealing certain Directives)

1.3. Aim of the research

The main purpose of the research was to conduct an in-depth product analysis in order to define the
composition of urban waste to optimize recovery technologies. In some of the cases analysed, the
environmental impacts associated with the production of certain types of waste were detailed. In
this regard, doctoral work has concentrated in 7 case studies that will be presented in detail
subsequently.

According to availability of information in different territories, the whole research is a focused on
particular kind of municipal waste or a study about waste management with a cross-section about
waste generation and technical recovery possibility of materials and energy.

The first study is about the still edible wasted food from households and it has been possible because
Environmental Protection Agency, during 2012 till 2018 have monitored the composition of
municipal waste at landfill and treatment mixed waste plants with devoted analysis.

The second study, in collaboration with Urbino University (Prof. Ing. Fabio Tatano) is about Scenarios
of Bioenergy Recovery from Organic Fraction of Residual Municipal Waste.

The third case study is about waste disposal during COVID-19 pandemic volume and cost generated
per capita.

The fourth one is about data management and processing of the occurred during 2016 earthquake
rubble in Middle Italy.

So, the involved databases are three:
1. the one containing information about municipal waste generation;
2. the one about waste management;
3. the one about experimental composition and physico-chemical analysis.

Single datasets are useful but incomplete, the important process is data crossing between the three
data sets; usually public entities like Municipality, Provinces, Regions or Environmental agency only
acquire, manage and publish this data but do not have the aim to cross-analyse the whole sets to
obtain information about the current state of management and possible environmental
improvements. This could be the aim of an academic research for example, also to suggest to public
entities new ways of waste administration and new systems of recovery solutions.

The Environmental Protection Agency of Marche Region has collaborated both with Bologna and
Urbino University, and from both institutions has hosted thesis students involved in the same project
of this PhD studies.



The most important aspects of this work are related to the following outcomes: an elaboration of
waste generation and management information; a knowledge of waste composition in some
territories of the Region; an investigation about how the technology can improve material and energy
recovery; the in-depth analysis of particular fractions of waste; a survey on possible valorisation
options of apparently non-recoverable waste. So, this study is intended to satisfy these interests, and
needs a methodological order divided as follows:

1. Composition analysis: this method is important to know how municipal mixed waste and
separate waste are structured, what they are made of what citizens of investigated area
generate and how they for recovery or disposal.

2. Mass flow analysis: this procedure is a study about management, involves every step after
generation and collection from the first treatment plant to the last one where waste is sent
to final disposal or where it can become secondary raw material when sent to industrial
process avoiding or decreasing the use of raw materials extracted from the environmental
sector.

3. Environmental assessment: it is the final elaboration of the previous two steps, it is
representation of environmental data studying impacts and benefits of the whole operations
applied to waste, something that can give a clear answer to the question if the entire process
is useful and beneficial for the environment in some parametrized aspects as GHG emissions,
material recovery, energy involved, and so on.

The next chapter about materials and methods will be structured as explained about, so as to show the
evolution of the study before the results and the conclusions.



2. Material and methods (applied instruments)

2.1. Composition analysis

The term composition analysis is used to define a classification procedure performed after a manual
subdivision of a waste sample: waste can be divided in different categories depending on the target of the
analysis. Most common application is a sorting of the mixed waste in the typical categories of separate
collection to have feedback on non-differentiated materials. Another important application can be a
guantitative analysis specific for a material target of a separate waste collection to have feedback on the
percentage of target material and the extraneous fraction that could have been conferred in another type of
collection.

In the case of waste sector, knowing the composition it is important to find appropriate methods to organize
the best available and appliable treatment to minimize the environmental impacts and maximize the
materials recovery.

Composition analysis can be applied at both sorted and unsorted waste streams. In the case of mixed waste,
it is possible to frame what avoids the interception of separate collection, while applying it to separate
collections can give information about standard quality of waste and extraneous fractions. The latter can
compromise the whole recycling process and that means economic and environmental costs for the
community.

Therefore, it is important that separate collections are monitored and of good quality. In Italy there are
different separate collections, based on packaging waste from different product composition, which are
supervised by different consortia. Some examples are the following: metals and alloys (whose collection and
management is controlled by CIAL — National Consortium of Aluminium Packaging - https://www.cial.it/ -
Ricrea — Collection and Recycling of Steel Packaging - https://www.consorzioricrea.org/), paper and cellulosic
compounds (Comieco, National Consortium of the Recycling and Recovery of cellulosic packaging -
https://www.comieco.org/), plastics (Corepla, National Consortium for the collection, recycling and recovery
of plastic packaging - https://www.corepla.it/), wood (Rilegno, National Consortium for the collection,
recycling and recovery of wood packaging - https://www.rilegno.org/) and glass (Coreve, Consortium for
glass recycling - https://coreve.it/). Those are specific consortia, whose leading consortium is CONAI
(Consorzio Nazionale Imballaggi, National Consortium of Packaging - https://www.conai.org/), responsible
for regulating the separate collection of specific materials that indicate target collection and extraneous
fractions or also “fake friends” (similar products made of similar materials but not collectable in the same
way). For example, porcelain cannot be collected with glass, also if citizens assimilate the two materials
thinking they are compatible in the industrial recovery process, simply because on our dining tables we have
porcelain plates and glass glasses. Right now, several important procedures exist at national and international
level. Among these, the following are the most diffused:

- American Standards and Testing Materials (ASTM)

- Agence de I'Environnement et de la Maitrise de I'Energie (ADEME, 1993, 1997),

- European Recovery and Recycling Association (ERRA, 1992, 1993)

- Morselli (MORSELLI ET AL, 1995)

- CNR (Centro Nazionale di Ricerche, 1980, 1988)

- IPLA (Istituto per le piante da legno e I'ambiente)

- APAT (Agenzia per la protezione dell'ambiente e per i servizi tecnici, that currently merged with the
already mentioned ISPRA).

CNR and IPLA methods are the most used in Italy because they are suitable for the needs of packaging
classification, typical of the classification made by the consortia of the CONAI group. So, it will be
representative enough to describe the common parts of every method and find common main features of
this kind of analysis. In this case it is not necessary to examine the details of each method.
The CNR simple method distinguishes the following categories:

- textiles, wood;


https://www.cial.it/
https://www.consorzioricrea.org/
https://www.comieco.org/
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- paper, cardboard;

- plastic, rubber;

- metals;

- inert;

- organic substance.

The IPLA method lists the following categories:

- under sieve: everything that passes through a 20 mm sieve and is essentially made up of organic and
inert substances;

- glass;

- other aggregates: this category includes porcelain, ceramic, stone, plaster, bricks, etc.

- metals: this category includes materials consisting of iron and other metals except for aluminium;

- aluminium: includes aluminium cans but also aluminium foils and films such as bags for chips, for
coffee, food trays, etc.;

- cells and batteries: button cells that usually pass into the under screen;

- drugs: packs with whole drugs or parts of them; of this category the bottles or blisters of empty
tablets are not part;

- containers T and / or F: all containers, even empty, of toxic substances and flammabile;

- other dangerous: fluorescent tubes, thermometers, metal vapor lamps, syringes, etc.;

- textiles: dresses, jackets, fabrics, etc.;

- skins and leather: shoes, belts, leather jackets, etc.;

- plastic film: plastic bags and bags, nylon (polyethylene) in thin packaging, etc.;

- plastic containers: only containers for liquids, example for milk, water, soft drinks e detergents;

- other plastics: various containers not for liquids, rigid plastic for packaging, polystyrene and other
poly-foam, hard plastic objects in general;

- putrescible organic: food, organic material of plant or animal origin;

- paper: paper and cellulosic materials that can be assimilated, such as, for example, cotton wool,
sanitary napkins, baby diapers;

- cardboard and packaging;

- wood.

Finally, the chosen methodology is most similar to the IPLA one, adapted to the study needs and to CONAI
packaging classification. The only difference with IPLA methodology is the addition of further product
categories specific to the classification of packaging. This classification is taken from the specific analyses
carried out by the CONAI supply chain consortia and takes into account the materials of which the
packaging is made and the specific use of these.

In order to prepare the sample to be subjected to manual analysis some preliminary sampling operations
are necessary. These operations are defined “quartering”. Quartering is the specific operation of mixing
waste to create the final sample. First, before making all physical operation, it is necessary to set the
boundary of the investigated zone (e.g., a municipality or a group of provinces, a city district, etc.). Then,
it is important to find information about the collection system (e.g., door to door, road dumpsters, etc.)
and organize the sampling upon arrival of the means of transport at the collection point at the waste
treatment plant. Usually, the entire load (or a part of it) is discharged on a concrete or asphalt platform.
Further amounts of waste are added to the initial cumulation on the platform and they are mixed with
the use of mechanical means such as wheel loader, spider bucket or similar. Mixing procedure is
necessary to homogenize by creating a circular cake, high about 8 cm and of around 3-4 tons of weight.
The cake will be divided into four quarters (also called wedges). The entire shape is then halved keeping
two of the four wedges in opposite section and discarding the two others. By repeating the quartering
procedure, a representative sample is formed by successive steps up to an amount of 200 kg. This is then
subjected to the manual analysis sample. Then, specially formed technicians provide to separate waste
in the different categories. Categories are weighted and their amount is related to the overall weight of
the sample as a percentage, counting separately the bulky waste of sizes over one linear meter.
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2.2. Mass flow analysis

Raw materials are not endless, thus separate waste collection and all the following steps of industrial
recovery are very important to re-enter matters in the industrial process and create new goods, for
everyday uses. Anthropogenic activities require copious quantities of materials and energy so it is very
important to optimize recovery processes. Material reuse is important and a knowledge about industrial
processes optimization is the key to minimize waste of materials. In this context the Material Flow
Analysis (MFA) methodology takes significant relevance. MFA is defined as “a systematic assessment of
the flows and stocks of materials within a system defined in space and time. It connects the sources, the
pathways, and the intermediate and final sinks of a material. Because of the law of the conservation of
matter, the results of an MFA can be controlled by a simple material balance comparing all inputs, stocks,
and outputs of a process. It is this distinct characteristic of MFA that makes the method attractive as a
decision-support tool in resource management, waste management, and environmental management”
(Brunner and Rechberger, 2004). MFA is a methodology connected to the industrial ecology to quantify
different materials from natural availability to quantity used in goods production and commercial
packaging, reuse and lost that can be applied to metals, glass, polymers, natural fibres (like wood or
organic), etc.

During the PhD program a simplified MFA was applied to verify the traceability of some selected
categories of waste produced within the Marche Region. Data from MUD and ORSo were combined to
recalculate a mass balance of every industrial plant studied, by quantifying the inlet and outlet waste
streams, as well as any material recovery reordered in each step up to the flows achieve first destination
plants.

From a simple MFA applied to each step of the waste management chain it was possible to define per
each input flow the i) output streams (sent to the further plant), ii) the recovered materials, iii) the quote
of remaining waste that can be object of other recovery steps or sent to disposal and iv) the process
losses. A simplified scheme of the methodology is reported below in Figure 1 — Simplified description of
the methodology adopted. Further details will be described later in the text.

First destination

plant A
Selection Waste cat.2 First :;sr::;n;tlon
plant

M

Municipalities

First destination
plant C

i
viil

Figure 1 — Simplified description of the methodology adopted.

2.3. Environmental assessment

In some of the case studies investigated during the PhD, the system studied was also investigated to
assess the potential impacts or benefits from an environment point of view associated to its adoption. In
these cases, data already collected in peer-review literature were used to recalculate them. Most of the
time, where available, results from previous published Life Cycle Assessment (LCA) studies were used.
The LCA is a standardized methodology able to predict potential burdens and benefits on environment
associated with the lifecycle of products. It is also applied to processes, systems and organization by
considering each step that occurs within the system boundaries under consideration.



2.4. Other used instrument: ORSo, MUD, GIS

ORSo is the name of the software system used to acquire data of waste generation by municipalities of 16
over 20 ltalian regions. Observatories are based inside Environmental Protection Agency as the Italian
legislation norm in the art. nr. 189 of Legislative Decree nr. 152/2006.

This System is web based, founded on a portal with multiple logins with different permissions: municipalities
on first (or waste management companies delegated from municipalities) have the task to declare waste
production subdivided in monthly mixed waste production and monthly collected waste amount for every
different kind of material, also collection method (door to door, dumpster, etc.), transport company and first
step recovery plant. Then every region has got login accesses to browse, verify, download and elaborate data
from municipalities. The regional observatories had the aim to report data to ISPRA, Istituto Superiore per la
Ricerca Ambientale (Higher Institute for Environmental Research), public authority that supports the Ministry
of Ecological Transition and European Community, as source of the official data.

MUD, that means single model of environmental declaration is a legislative system of acquiring data about
waste generation and management. System is administrated by public authority Commerce Chambers and
by their private information technology communication society Ecocerved. It contains data able to trace the
waste flow from their generation to their final disposal or recovery. Data flow is the following: Commerce
Chambers send the whole database to ISPRA, then every regional environmental protection Agency can log
into the intranet and download regional data. Tracing waste flows is important to study the whole recovery
process.

Other software applied to the research are common software of electronic spreadsheet and interface for
relational databases as commercial Microsoft Office or free licence as OpenOffice or LibreOffice.

A Geographic Information System (GIS) is a software compound system built to manage and map spatial data.
Spatial data are those connected with the territory they refer to, using real coordinates. A GIS software or
system links every data on the map with position; every object is located in the real point with x and y
coordinates (latitude and longitude). This characteristic can give a scientific approach to data analysis in every
kind of study. GIS helps user to understand models, relationship in a geographic contest for decision process.
These systems are often applied to economic and environmental studies. That is a definition of GIS deduced
from the definition given by Esri on the official internet site (https://www.esri.com/it-it/what-is-
gis/overview#:~:text=Un%20sistema%20informativo%20geografico%20(GIS,come%20sono%20le%20cose%
201%C3%AC).), probably one of the most important commercial international suppliers of Geographic
Information System (GIS) software, web GIS and geodatabase management applications (. In this study data
are represented with the use of cartographical lay-out produced with GIS software. All databases used for
the studies are georeferenced with Italian system of coordinates and international GPS WGS-84 global
system. The geographical system used is compiled with geographical coordinates of the landfill in which the
commodity analyses were performed, and all the landfill located in the map are related to the data obtained
from the analyses. Municipalities are georeferenced and related with the database containing information
about every waste generated per years, sorted and unsorted, and data about population to compare per
capita annual data. In the system one can find also information about waste produced by quarantined people
during Covid-19 epidemic and selected hazardous waste separately collected to prevent contamination and
virus contagion.



https://www.esri.com/it-it/what-is-gis/overview%23:~:text=Un%20sistema%20informativo%20geografico%20(GIS,come%20sono%20le%20cose%20l%C3%AC).
https://www.esri.com/it-it/what-is-gis/overview%23:~:text=Un%20sistema%20informativo%20geografico%20(GIS,come%20sono%20le%20cose%20l%C3%AC).
https://www.esri.com/it-it/what-is-gis/overview%23:~:text=Un%20sistema%20informativo%20geografico%20(GIS,come%20sono%20le%20cose%20l%C3%AC).

3. Composition analysis

3.1. Multilayer packaging materials (A)

In this case study, a composition analysis was used to subdivide the waste streams in a classification based
on the material that composes the waste itself.

In general, the variety of products on market are based on different materials. In the case of the packaging
industry, multilayer products are frequent, such as in the food industry when the usage of multilayer
packaging based on cellulosic materials, aluminium and polyethylene layers seems necessary. An example is
within the liquid products, where the application of a plastic layer is functional for waterproofing, and an
additional aluminium layer is functional to protect the content by visible light and UV radiation. Such
products, also known as polylaminate paper-based packaging, undergo different post-consumer end of life
scenarios strictly dependent on the type of sorting plants and on the available technologies. Usually, in Italy
they are collected together with the waste paper or plastics light packaging. Therefore, in order to find the
interception grade of the differentiated fractions and specifically for multilayer packaging, during 2019 a
composition analysis was performed.

The interception grade is defined as the relation between the part of waste picked by separate collection
systems and the whole quantity of the same waste category generated.
The latter is the sum of the portion sent to a recovery process with separate collection system and the
guantity sent for disposal. Usually, it is simple to obtain information about portion of every materials subject
of separate collection municipality by municipality. Every municipality accounts the weight of each separate
collection generated and also the weight of mixed waste. But to obtain separate fraction of mixed waste the
only way is to submit a sample of undifferentiated waste to product analysis. Similarly, if separate collection
requires one or more fractions to be collected together, as in the case of cellulose packaging and
polylaminate packaging, it is also necessary that separate collection samples are subjected to product
analysis. The methods applied to the product analysis relating to differentiated collection samples, provided
that the waste is divided into the various fractions of the differentiated collection and the extraneous
fraction.
Taking a real material example, a sample of waste from the separate collection of paper, must be divided
into all types of cellulosic packaging, plus the multilayer packaging object of the analysis research and in the
extraneous fractions (for example plastic, metal or any other material not of cellulosic origin).
In consideration of the fact that mainly cellulosic polylaminate packaging constitutes a part of the total
separate collection of paper packaging, to estimate the quantities of multilayer collected it was necessary to
carry out a series of product analyses on paper samples. During the analysis it was necessary to classify the
guantity subjected to manual selection in all the typical categories of paper collection. In Italy, the COMIECO
consortium regulates the collection for municipalities, by defining the products that must be sent for recovery
in the separate collection of cellulose-based packaging. The consortium establishes the fractions to be
collected (those fractions comparable to the paper collection) and the extraneous fractions, those that
should be sent for recovery in other collections or in unsorted waste. The available data on the commodity
quality of the paper and cardboard packaging samples allow to proportion and quantify the percentage of
multilayer packaging on the total separate collection of paper packaging by means of an estimate.
According to the consortium regulation, the product categories into which the sample is divided are the
following:

- graphic paper / other cellulosic material: which includes paper billboards, office binders, lottery

tickets, envelopes, ballot papers, public transport tickets, paper towels;

- corrugated cardboard packaging: which includes any container including pizza boxes;

- flat cardboard packaging: which includes cigarette packs, cardboard trays, food containers;

- other cellulosic packaging: it includes cardboard cores, displays, salami paper, shopping bags, paper

cups, bags for cement;
- polylaminate paper-based packaging.



- other weighted refusal that indicates other kind of waste extraneous to cellulosic objects and
materials.

In the case of quality product analysis on samples of paper and cardboard from separate collection, we
operated according to the rules of the consortium in this way. A load to be analysed from a municipality is
identified and the material is allocated on a concrete slab, subsequently turned over by a wheel loader and
then weighted into a net connected to a dynamometer. The weight of the sample was at least 200 kg. The
sample was then manually divided by the technical operators according to the categories described above.
In the specific case of this study, multi-layer packaging with a prevalence of cellulose was weighed in a specific
category.

3.2. Cigarette filters (B)

During the composition analysis carried out over the years, a conspicuous presence of filters and cigarette
butts was founded in the finest fraction, the waste portion which passes the underneath the grid mesh (20
mm). Right now, no specific separate collection is available for this fraction. At the same time, data on the
leaching of pollutants from this type of waste are scarce. Therefore, it was decided to set a specific set of
analyses to investigate in depth this stream.

Given the absence of a dedicated collection, the filters and cigarette butts are now disposed within

the unsorted waste collection. Unfortunately (these data are not included in this research), very often

the butts are thrown on the ground in the streets and, if not collected by the public sweeping service,

are transported to the sewer. Similarly, the custom of some consumers is unfortunately typical of

throwing the remains of cigarettes directly into the manholes of the rainwater collection.
As for the other fractions investigated, as for the multilayer packaging, the same was done in the product
analyses for cigarette filters. In terms of size, butts generally are included in the category of undercut by
undifferentiated waste, also because there is no dedicated collection. Therefore, the operators who carried
out the specific product analyses introduced the quantities of "cigarette filters" into a new category by
carrying out a double manual selection, the first on the waste as it is and the second on the under-sieve, so
as to intercept all the butts thrown into the undifferentiated waste. The specific fraction was related to the
total weight of the sample analysed, as for the target categories of other similar studies.
Also, in this case it was assumed that the values resulting from the analyses in terms of percentage of
cigarettes with respect to the total of the truck analysed were constant for each plant or landfill. Therefore,
the total amount of unsorted waste disposed of over the course of a year compared to the percentage of
"butts" returns the indicative value of the number of filters disposed of in landfills.

3.3. Still edible food waste (C)

The study was conducted within the five districts of the Marche region. During the referred period (2016-
2018) numerous product analysis campaigns were carried out. The expected result, based on the separate
collection performances achieved by the municipalities, was a low content of organic fraction in the unsorted
waste. On the contrary, the results obtained demonstrated a high biodegradable organic fraction content in
various samples. Food and scraps of edible products in the first campaigns were counted in the same class.
Subsequently, the interest arose to divide from the total biodegradable organic fraction, in the part relating
to food product waste made in the production phase of finished foods (peels, bones, fishbones) which should
be conferred in the organic waste collection, the share of products still edible.

Foods that are still edible and organic fraction waste from meat, fish, vegetables, fruit, dairy products or flour
derivatives (pasta and bread) are generally included in the "organic" fraction of the product classification.
Splitting the organic fraction into edible food and waste generated in food preparation was one of the first
ideas aimed at estimating and quantifying food waste starting from waste. Obtaining a percentage indicator
of how much organic matter is present in various samples of unsorted waste and how much food is present
in the organic fraction is useful, once the municipal, provincial and regional generation data have been
acquired, to hypothesize how much food waste is thrown into the total waste generated.

The study at the local level, first starting from the waste catchment basins, understood as a grouping of
neighbouring municipalities that insist on the same landfill. Then it was extended to a national level by
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applying a common percentage factor to estimate the potential Italian production of wasted food compared
to the total amount of waste generated. The results of the study were collected in the publication Waste
Management & Research, 2022, 0, 1-13, reported in the chapter Still edible wasted food from households: a
regional Italian case study.

3.4. Bio-based content in mixed waste for energetic recovery from biodigestion. (D)

The tool of composition analysis applied to waste is very important. In another case study, carried out in
cooperation with the University of Urbino, the information deduced from the analyses was used to estimate
the amount of biodegradable waste present in the unsorted fraction. In this study the canonical analyses
were carried out, subsequently grouping all the categories into two macro classes based on the organic
fraction content. This primary subdivision is necessary in order to identify the biodegradable share within the
total quantity of unsorted waste produced. Therefore, composition analyses were carried out on the waste
flows entering landfills and the associated mechanical biological treatment (MBT) plants. Subsequently, a
further campaign was performed on the streams that are leaving the mechanical treatment plants, in order
to quantify the yield before the biological step of treatment. Finally, a further composition analysis was
conducted on streams leaving the MBT, for the same purpose. In this way, it was possible to assign to each
step its efficiency in terms of yield.

The function of the first phase of a MBT is to separate the organic matter from the rest. This procedure takes
place through mechanical screening and shredding operations. Mathematically, grouping the fractions with
organic content identified in the composition analysis on unsorted incoming waste and the fractions without
the organic content, should return values similar to those obtainable from the analysis of an outgoing flow
from a plant.

The analysis carried out on the unsorted waste MTB output fraction had as reference only two classes "waste
with organic content" and "waste without organic content". In this case, the results obtained from the
analysis of input and output waste were comparable, thus the efficiency of the MBT plant was verified.
Once data on the organic and non-organic fraction of the unsorted waste has been obtained, the study aimed
at finding the appropriate process to recover bio-energy from a bio stabilization process. Usually, this last
process happens in landfill. The study wanted to demonstrate the utility behind the installation of an
integrated anaerobic digestion plant to recover larger quantities of biogas, rather than those obtainable from
traditional wells in landfill.

The results of the study were collected in the publication Sustainability, 2021, 13, 11462-11482, reported in
the chapter 5.
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4. Simplified mass flow analysis

4.1. Multilayer packaging materials (A)

The application of a simplified mass flow analysis is very important to estimate mass composition of waste
disposed in landfill. In general, it is not possible to assess the exact composition of an entire landfill. A
guantification of the size of waste flows disposed in a selected period is generally possible, since plants must
record all the input and output data. Therefore, in order to have a rough estimation of the composition of
waste landfilled (or of those sent to incinerator), a general recognized procedure implies the adoption of a
composition analysis on samples of the input waste streams. The resulted are then used to correlate the
entire mass waste within the plant.

This principle can be applied to any type of material investigated in the samples, included the multilayer
packaging.

To estimate the quantity disposed in landfill an estimation of the percentage of multilayer packaging in
samples and of the entire amount in the landfill is compulsory.

Eight plants were investigated within the five districts:

Basin 1. the Ca’ Asprete landfill, located in Tavullia (PU);

Basin 2.  the Ca’ Lucio MBT and landfill plants, located in Urbino (PU);

Basin 3. the Monte Schiantello landfill, located in Fano (PU);

Basin4.  the MBT and landfill plants of Corinaldo (AN);

Basin 5.  the landfill of Maiolati Spontini (AN);

Basin6.  the MBT plant of Tolentino (MC);

Basin 7.  the MBT and landfill plants of contrada San Biagio, located in Fermo (FM);
Basin 8.  the MBT and landfill plants of Relluce, located in Ascoli Piceno (AP).

The analyses were set on samples of waste from various group of municipalities, that use those plants for
the disposal of the unsorted wastes. In order to obtain representative samples of the entire region, the
catchment areas were selected to include results from municipalities on the coast and those of more internal
zones (hills and mountains).
In the next chapter all catchment areas are described and all intercepted municipalities are listed.
To estimate the total amount of waste generated per year in the whole studied area, unsorted waste
production data for each catchment area were grouped together. In this way, the amount obtained per each
fraction was then normalized with respect to the total amount of waste (to obtain information on the
quantities of all the categories disposed).
The categories in which samples were divided during analysis were the following:

- metal packaging

- various metals

- wood packaging

- more wood

- multi-layer packaging

- cardboard

- paper

- textiles

- plastic packaging

- plastic other (rigid plastic)

- glass

- inert

- food waste

- kitchen organic

- green (mowing and pruning)

- Hazardous municipal waste (batteries, drugs, paints)
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- undersize
- WEEE

- rest

- diapers

As previously mentioned, the quantities of unsorted waste entering the landfills and MBT plants from the
municipalities belonging to the same plant were therefore added up. The quantities were multiplied by the
percentage of multi-layer packaging found in the samples in order to estimate the presumed quantity
disposed per each area.

On the other hand, to obtain the amount of packaging recovered for the same groups of municipalities, the
guantities of paper recovered were added, considering the waste indicated by the EER code 20.01.01. Wastes
identified with code EER 15.01.01 were not included since they represent only 100% cellulosic packaging.
These quantities were then compared to the percentage founded in the separate collection of paper
packaging. This estimate was provided by COMIECO, according to the product analyses carried out in order
to establish the quality of the waste collected by the municipalities. At national level, the ratio between total
cellulosic packaging and the share of multilayer packaging delivered is equal to 0.68%.

For the Basins 5, 6 and 8 the portion of packaging in mixed materials it was taken into consideration (EER
15.01.06). From the product analyses provided by COMIECO and the managers of the regional plants, a 3%
of multilayer packaging was estimated in the collection of the EER 15.01.06.

Operating in this way, the estimated values of disposed and recovered multi-layer packaging were calculated.
For each collection basin, the interception yields were calculated, i.e., the quantity recovered in relation to
the total quantity given by the sum of the materials recovered (weighed) and disposed of (estimated).

As an example, the following tables show some values deduced from the above calculations.

%  multi-

layer Multi-
packaging layer

/ all packaging
cellulosic  recovered
materials  (t)

Production %

of multi- : % Cellulosic

: packaging : :
mixed layer DISPOSED cellulosic  packaging
waste packaging packaging DISPOSED (t)
2016 (t) DISPOSED

Multilayer Total

multi-
layer (t)

plant

Interception

location yield (%)

1 Ca' Asprete, | 54 193 0.55 168 4.85 1,479 11.36 50 218 229
Tavullia

2 Ca'  Ludio |5 970 1.24 285 3.96 910 31.32 27 312 8.7
Urbino
Monte

3 Schiantello, | 16,032 0.23 37 3.54 567 6.53 41 78 526
Fano

4 Corinaldo | 38,041 0.37 141 434 1,651 8.54 103 244 42.2
Moie di

5 Maiolati 34,207 0.4 137 8.15 2,788 4.91 212 349 60.7
Spontini

6 Tolentino | 38,237 0.89 340 12.89 4,929 6.90 382 722 52.9

7 san  Biagio, | 54 426 134 408 17.31 5,275 7.73 37 445 8.3
Fermo
Relluce,

8 Ascoli 42,697 0.49 209 10.73 4,581 4.56 298 507 58.8
Piceno

Table 1 — Results of product analysis, production of mixed waste, cellulosic packaging waste and multi-layer packaging waste in the
target area.
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4.2. Cigarette filters (B)

The same logical process previously described has been applied for the estimation of the amount of cigarette
butts sent directly to landfill disposal or to landfill after a mechanical and biological treatment.

A campaign of composition analysis has been done specifically to find the percentage of cigarette butt in the
mixed waste. Usually butts go in the under screen because of their dimension, often less than 20 mm. It is
important to submit the samples to a manual sub-division because not every cigarette butt goes under screen
and in these cases, it is important that the operator take them manually.

Also in this case, the total amount of unsorted waste sent to the landfill multiplied by the percentage of
material fraction corresponding to the butts gives as a result the probable total amount by weight of
cigarettes present in the landfill.

4.3. Still edible food waste (C)

To understand the problem of food waste a two-year analysis campaign has been set on the MBT plants and
landfill on the regional territory. The method of mass flow analysis is the same of previous cases. Available
data about samples composition are used to estimate the composition of the whole mass present in the
landfill body.

In this study the mass flow of still edible food waste sent to landfill has been considered, calculated by the
whole amount of mixed waste per catchment area per year to the percentage of food waste category
calculated in relation to the total weights of the undifferentiated samples analysed.

The study consists of several phases (fully described in chapter 5.

The first step was grouping the municipalities served by the same landfill by summing the amounts of
unsorted waste produced by each one.

The amount delivered to each landfill was multiplied by the percentage of wasted food found in the analysis
of samples from the landfill itself. For each landfill, the percentage value of several samples performed was
averaged. This amount returned the value of food presumably landfilled during the period under review; the
quantities found were related to the number of inhabitants of the municipalities served in order to obtain a
per capita value.

Then, the percentage values of wasted food and organic waste found in each sample and each landfill were
used to calculate average values to obtain the "waste factor" or the ratio between wasted food and total
organic matter.

In the third step, for the groups of municipalities under investigation, the quantities of organic waste from
separate collection were added together, in the same way as in the first step for unsorted waste.

The quantities of differentiated organic produced in the catchment basins were multiplied by the previously
indicated factor starting from the assumption that even in the differentiated organic there was still an edible
guantity of food in the same percentage as that found in the undifferentiated.

Subsequently, the quantity of edible food estimated within the unsorted fraction was added to the quantity
presumed to be found in the differentiated organic fraction. The sum returned the estimate of the presumed
total wasted food produced. These values were compared by the number of inhabitants in order to obtain
per capita scores.

Finally, the values found for Marche region were used to estimate the quantities of wasted food at national
scale (by using regional waste production provided by ISPRA).

As already stated, the publication is reported in the chapter 5.
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4.4, Bio-based content in mixed waste for energy recovery from biodigestion. (D)

In this study the simplified mass flow analysis was applied into three fundamental steps:

1. In the first, the percentage data relating to product surveys in two macro-classes were added, the
fraction of biodegradable materials and that of non-biodegradable materials. The total amount of
unsorted waste produced during the year and sent to the MBT plant and subsequent landfill was
multiplied by the percentage of organic fraction in order to quantify the biodegradable portion sent
for disposal. This quantity has already undergone biological maturation and therefore has lost its
methanogenic power. Subsequent calculations were used to study the potential for methane
generation with maturation in a biodigester.

2. In the second phase, mass balances were applied to real MBT plants. The input of a MBT plant is
unsorted waste as it is (EER 20.03.01); on the contrary, the output is given by the waste fraction
identified by the code 19.12.12, the out-of-specification compost identified by the code 19.05.03 or
19.05.01, i.e., the fraction with the highest post-stabilization organic content, and the moisture
losses. The values of the non-specification organic fraction or compost in output from the MBT plants
declared by the managers in the MUD were confirmed by the data deduced from the calculation of
the incoming unsorted waste multiplied by the product percentage of organic fraction in the input
samples analysed.

So, in this phase, mass balances are applied to find the total organic fraction mass in output from the
system.

3. Inthe third phase, the mass balances were verified by comparing the output data of the MBT plants
with the results obtained from the analyses of the output waste at the mechanical phase of the MBT.
As mentioned in the previous paragraph, the analysis campaign carried out on the output waste was
necessary precisely to study the yield of the plant and verify that the mechanical selection was able
to select all the incoming organic fraction of the undifferentiated waste to submit it entirely to the
subsequent stage of biological maturation. In this phase, mass balances are applied to find plant
yields.

Next image represents a simplified plant scheme with examples of the input and output flows.

IRON REMOVER

A

metals EVAPORATION

K EER 19.12.02
OUTPUT
INPUT [& WASTE
weowse |mmp VBT PLANT 2% m) o
EER 20.03.01 1) III]

WATER DISCHARGES
Figure 2 — MBT plant scheme with input and the output flows.
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Input: mixed waste (EER code 20.03.01) 100 %

Output: out-of-spec compost (EER code 19.05.01 — 19.05.03) 12-32%
waste from mechanical treatment (EER code 19.12.12) 60-83%
Leachate (EER code 19.07.03) 0-3%
Aqueous solutions (EER code 16.10.02) 1-10%
metals (EER code 19.12.02) 0-2%

MBT is a plant for the treatment of mixed waste to produce additive fuel for incinerators or where not
present, like in the Marche region, to minimize the wastes volumes. So, the input is composed by mixed
municipal waste and the first mechanical phases which the material is subjected are shredding and sifting to
divide the organic fraction from the rest (e.g., the fraction identified by the EER code 19.12.12 that is
immediately sent to disposal). The organic fraction, EER code 19.05.01 or 19.05.03, is sent to a biological
maturation process implemented by particular inoculated bacteria. An iron remover is placed upstream of
the shredder to capture magnetic materials. It is possible that an eddy current instrument for non-
ferromagnetic metals is also used.

Some material losses (humidity) may occur due to percolation and evaporation from the initial mass of the
waste.

4.5. Wood and glass packaging traceability from separate collection (E)

This case study was focused on a traceability analysis: i.e., from the waste production up to its recovery,
phase in which it leaves the waste label and could be placed again on the market as a secondary material.
The data of the first step are those provided by the municipalities with the ORSo system and concern the
year production of wood packaging waste (EER codes 15.01.03 and 20.01.38) and glass packaging waste (EER
codes 15.01.07 and 20.01 .02).

The waste produced was first grouped by common plant of first destination. Subsequently the data of the
MUD declarations were assessed in order to check the quantities declared (as input) were congruent with
the sum of the data of the municipal waste produced.

Mass balances have actually been studied on MUD statements.

For each first destination plant, all the glass and wood input data identified by the EER codes indicated were
stored separately; the output data of the same output fractions were also taken separately, to calculate the
loss of material due to the impurities of the separate collection and to process reasons.

The plant yield is calculated as the mass of glass or wood in output in relation to the mass of wood or glass
in input. The difference between input and output is due to product impurities and process losses, i.e., the
part of the fraction that can still be recovered but which escapes when captured by machinery.

From the MUD declarations of the first selection plants, the second plants were identified and subsequently
the third ones. For the glass fraction a maximum of three steps (i.e., three plants) were identified. In the case
of wood four different plants were founded. A mass balance per each plant was performed from the MUD
data, in order to calculate the plant yield and the total waste.

Mass balances were represented with E-Sankey software.

None specific product analyses were performed. However, data from product quality analyses of separate
glass collection carried out in other campaigns have been used for cross checking.

Generally, the product purity for glass samples ranges between 95-99%. The rest is composed by extraneous
fractions. Same results were obtained for wood (data from Rilegno consortium).

These product purity values have been useful in verifying the mass balances, as for two fractions containing
few impurities the yields are always higher than 95% and the process waste is minimal. So, in this case the
data relating to the product analyses carried out in other campaigns were useful for comparing the mass
balances of the plants investigated.
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4.6. Recovery of the construction and demolition waste from earthquake rubble (F)

In this study, data of construction and demolition waste connected to earthquake rubble removal and
management have been analysed.

The first step consisted in the collection: rubbles for each municipality involved in the four-year period 2017
- 2020 were transported to one of the three specially created plants of first selection. All materials were
identified by EER waste code 20.03.99 that stands for “municipal waste not otherwise specified”. This is a
special exception normed by Italian Decree-Law 17 October 2016, n. 189 which first of all allows
municipalities to collect all demolition waste with a single EER code and benefit from the advantages
associated with the transport of urban waste because normally construction and demolition waste is
classified as special waste. In this study mass balances were applied in several stages.

Mass balances were carried out of the first public selection plants from which special waste was produced
identified by the EER code 17.09.04 "mixed waste from demolition activities" and then the flows towards the
private selection and treatment plants were studied. During second steps after public management plants,
private plants implement all the procedures connected with the preparation of new raw materials for the
building industry.

|h\:/ S L EER20.03.07
f FIRST Bulky waste from forniture

=) SELECTION A
PLANT
EER 20.01.23-20.01.35
7 WEE
«

000000 Satls

EER 17.09.04
CONSTRUCTION & DEMOLITION WASTE

INERT

RECOVERY

RECYCLED AGGREGATES

Figure 3 — Recovery of demolition waste from rubble.

The mass balances were applied on the first selection plants, the private aggregates selection and recovery
plants which then defined the final recovery of demolition waste.

Mixed construction and demolition waste are codified with number 17.09.04 using specific chapter of
European list “17” that encloses all waste generated by building and civil construction activities. Using a
special legislative derogation in case they are earthquake rubble they can be managed with EER code
20.03.99.

The public plants of first selection, purposely created after the natural calamity in the provinces of the stroked
territories, are authorised to receive mixed demolition waste identified with EER 20.03.99. In these plants
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the first selection operations were carried out by dividing the mass of incoming waste into bulky waste (such
as furniture), waste from electrical and electronic equipment, and demolition waste.

Material goods and personal effects were recovered trying as much as possible to return them to their
rightful owners. The outgoing flows were then coded as EER 20.03.07 for bulky materials, 20.01.35 or
20.01.23 for WEEE and 17.09.04 for aggregates. Wastes with EER code 17.09.04 were subsequently sent for
recovery in treatment plants for the creation of aggregates for the building industry.

Mass balances have been applied to first and second steps plants.

First selection plants in the calculations carried out, returned a yield of about 95% on the presence of inert
materials. The recovery yield of inert materials in the shredding and selection plants (second step plants)
returned yield values of over 98%; the remaining 2% is given by impurities such as non-recoverable materials
and a loss of mass given by the reduction in powders too fine for recovery.

4.7. Management of the municipal waste during COVID-19 pandemic (G)

The mass flow analysis done in this case study is a simple sum of quantities of hazardous waste generated by
people affected by Covid-19 syndrome. Data about waste has been communicated by the municipalities on
a monthly basis. Waste was collected separately to prevent any contagion.

Mass balances were studied at the municipal level and represented at the provincial level. The quantities of
waste produced generally in relation to the number of inhabitants of the area studied, in this case were
proportioned to the actual number of quarantined inhabitants.

The municipalities, according to the regional directive "ordinance nr. 13 of 03/21/2020" and other legislative
regulations had to suspend all types of separate waste collection in the homes where quarantined people
affected by the sars-cov-2 virus live and separately activate a dedicated collection of waste to be treated as
infected medical waste to prevent any possible form of contagion linked to the collection and transport of
potentially infected waste.

All public collection service managers have set up special areas for the preliminary storage of this waste until
it is sent via special containers to the incineration plant located in the municipality of Coriano in the province
of Rimini, Emilia Romagna, the plant closest to the Marche region in a northerly direction. No mass
assessments have been made other than quantifying the input to the incineration plant.
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5. Study development

6.1. Still edible wasted food from households: a regional Italian case study
Introduction

Food waste (FW) is certainly a problem of social nature, since it highlights a great inequality of resources
distribution, considering that many people still suffer from hunger. Recent estimation (FAO et al., 2021) have
confirmed between 720-811 million people are suffering worldwide, trend which is expected to reach the
dramatic value of 2 billion by the end of 2050 (SDG tracker, 2018). Global Hunger Index (scores that comprises
prevalence of undernourishment, childhood wasting, childhood stunting and child mortality) highlights
serious, alarming and extremely alarming situation in part of Asia and most of Africa (Our World In Data,
2021).

In addition, FW has also significant economic and environmental implications, because it represents a
wastage of valuable products and resources (land, water and energy), and both food production and bio-
waste management generate a significant impact (at least 1.9 tCO2e per tonne of FW, Brautigam et al., 2014).
In addition, recent research published by Cline et al. (2020) has demonstrated that FW provokes greater
overburden pressures in landfills (1.27-1.86 tonne m-3). For these reasons, it is always been a topic of concern
worldwide, but it gained more attention after the release of the Agenda 2030 (UN General Assembly, 2015).
The Agenda has settled the commitment to halve food waste at the retail and consumer level and to reduce
food loss across supply chains (see Sustainable Development Goal 12.3 —SDG 12.3), in order to cut resources
consumptions (SDG 12), damage effects on climate change (SDG 13) and contribute in promoting a zero
hunger society (SDG 2). Preventing FW is also one of the priority areas that European Union (EU) identified
within the Circular Economy Action Plan (European Commission 2015) and the recent strategy called “Farm
To Fork” (European Commission, 2020).

Nevertheless, the quantity of FW still reaches significant values. In the case of United States FW covers
around 30-40% of the food supply (USDA 2021). On World scale, it has been estimated that 17% of total food
available to consumers was dumped in 2019 (UNEP, 2020), corresponding to 931 million of tons per year.
The 61% of the whole amount (570Mt/y) was related to households, leading to an average of 74 kg per capita
of FW each year (UNEP, 2020). Trend at EU level is depicted below in Figure 4 in terms of FW along supply
chain (a) and FW by food category (b).
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Figure 2 - Food waste along supply chain in EU, data from year 2017 (a); Food waste by food category in EU, data from year 2017
(b). Adapted from EU Bioeconomy Monitoring System dashboards, Knowledge Centre for Bioeconomy (Source:
https://knowledge4policy.ec.europa.eu/visualisation/eu-bioeconomy-monitoring-system-dashboards en)

Graphs are adapted from indexes derived by the strategy “Farm To Fork” (European Commission, 2020) and
they refer to 2017 data. At communitarian level an average of 67% of FW is produced by consumers. Worst
results are achieved by Luxemburg citizens with 83%. Italians have their relevance on such regrettable record
with an estimated amount of more than half a kilo of FW per capita per week (0.529 kg in 2020 and 0.595 in
2021 of FW per capita per week, around 28-31 kg per capita in a year, Waste Watcher International
Observatory, 2021; Waste Watcher International Observatory, 2022), corresponding to 68% of FW produced
during consumption, above the EU average. At EU level vegetables and fruits categories together represent
almost the 50% of total FW, followed by cereals (12%), potatoes (11%), meat (9%) and dairy (8%). The rest is
<5%. In Italy vegetables and fruits achieve almost 70% of the total FW, followed by cereals (8%), meat (6%)
and dairy (5%). The rest is <5%. Results seems in line with those obtained by other studies already conducted
in ltaly (Setti et al., 2016; Gaiani et al., 2018; Scalvedi and Rossi, 2021).

For these reasons, the issue of FW is largely debated in literature leading to an exponential increasing trend
in the number of publications since 2015, as shown by recent manuscript (Giordano and Franco, 2021): +1543
publications in 10 years (2010-2020) related to the issue of FW. Research, performed through Scopus
database by searching for the term “food waste” and limiting the results to social science, business,
economics, and agriculture, has revealed 443 publications in 2010 and 1986 in 2020.

Several waste compositions studies (Lebersorger and Salhofer, 2003; Salhofer et al., 2008; WRAP, 2008;
Monier et al., 2010) have confirmed the increasing trend in the FW quantities, leading to the conclusion that
the potential for waste prevention is unquestionable (Lebersorger and Schneider, 2011).

However, too often the estimation of the FW amount in different Countries only relies on surveys carried out
among consumers (Elimelech et al., 2019; Falasconi et al., 2016; Giordano et al., 2018; Giordano et al.,2019;
Visschers et al., 2016; van Herpen et al., 2019). Questionnaires as well as food waste diary using consumer
self-assessment method (Langley and Yoxall, 2010) are very useful tools for testing citizens confidence with
the issue of FW and, at the same time, to raising campaigns and interventions able to fight it (Reynolds et al.,
2019; Soma et al., 2020; Van Der Werf et al., 2021). In addition, surveys allow researchers a great autonomy
(Giordano and Franco, 2021): they can collect and elaborate large amount of data quite easily and in a
reduced time period.
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Therefore, the use of surveys may have strengths (e.g., availability of FW composition, low costs, larger
sample size, data on respondents which not feel observed or judged by researchers, etc.) and weaknesses
(e.g., low response rate, underestimation on self-reported FW quantities, tendency in giving socially-
desirable responses, etc.) as well summarized by recent literature (Gaiani et al., 2018; Withanage et al.,,
2021). To our knowledge, as also reported by Lebersorger and Schneider (2011), no standardized
methodology exists to quantify FW and avoidable FW at international level. The same for the Italian scale
(Grosso et al., 2019). However, several studies were already performed to investigate the national situation
by using surveys (Principato et al., 2015; Secondi et al., 2015; Setti et al., 2016; Falasconi et al., 2016;
Lanfranchi et al., 2016; Last Minute Market and SWG, 2016; Giordano et al., 2018; Gaiani et al., 2018; Grosso
et al., 2019; Giordano et al., 2019; Pappalardo et al., 2020; Vittuari et a., 2021; Giordano and Franco, 2021;
Amicarelli and Bux, 2021; Rodgers et al.,, 2021; Scalvedi and Rossi, 2021; Piras et al., 2022) and quali-
guantitative approach through waste composition analysis at treatment facilities (Grosso et al., 2019). The
latter approach is quite similar to that performed by some Environmental Protection Agency at regional scale
(e.g., Marche). In our opinion, more confident results may be achievable by integrating surveys with results
from primary investigation campaigns about the FW handled by the various treatment plants. Surveys and
waste composition analyses are not in contrast, but should be considered as two different approaches that
may be combined. The first more top-down, which allows to investigate higher numbers at the same time.
The latter more oriented on quantitative data following a bottom-up approach. In fact, introducing a
guantitative score to measure the potential tons of wasted food may be also an important KPIl (key
performance indicator) for the environmental management system of the municipalities (ISO 14001, 2015;
European Commission, 2009). Therefore, in this paper we present results from a two-years monitoring
campaign carried out within the Marche Region (Italy). The aim of the study was to quantify an average
amount of the potential still edible wasted food (seFW) within the sorted biowaste (organic waste deriving
from kitchen and canteens, EER 200108) and unsorted waste (EER 200301) fractions in the Region and then
evaluate the extension of such index (seFWindex) at national scale. The term seFW refers to food (fresh and
prepared) that still fit for consumption since in good quality, but intentionally wasted by citizens before or
after the expiring date. Therefore, the acronym includes all food types (vegetables, meat, milk and derivates,
cereals and derivates, etc.) and forms (solid, liquid, semi-solid, dried, in powder, etc.), with or without primary
packaging. In seFW visibly spoiled food was also included, since seFW would help in understanding the
amount of food bought by citizens and not eaten. On the other hand, seFW does not take into account
partially consumed food (whose contribution is negligible) and all the non-edible rests (e.g., bones, peels,
shells, etc.) deriving from any kind of preparation. These latter parts fall into the organic waste (OW). The
idea to investigate the seFW fraction seems also in line with results of previous campaign conducted in Italy
that confirms how 43% of all disposed FW corresponds to food not used at all (such as, unopened packages)
followed by food

partly consumed (30%, Scalvedi and Rossi, 2021). Therefore, it is clear that seFWindex could be introduced
to monitor citizens’ and companies’ behaviours with the goal of setting targets for improvement. As stated
above, the methodology here proposed follows a bottom-up approach, since represents a direct monitoring
of seFW from waste composition analyses. The expected result is that values obtained from the campaign
may become available for comparison with those from other evaluation (e.g., top-down). In addition,
guantitative amounts of seFW could be also used to improve and integrate questionaries by making
stakeholders more conscious of the potential benefits related to the avoided wasting of seFW (e.g., kgCO2e)
and designing strategies discouraging non-ethic conducts.

Materials and method

The Marche is a Region located on the east coast in central Italy with a population of around 1.5 million
people, distributed in 5 districts (so-called provinces) with a population of around 1.5 million people,
distributed in 5 districts (so-called provinces): Ancona (AN), Ascoli Piceno (AP), Fermo (FM), Macerata (MC)

e Pesaro-Urbino (PU).
Figure 3).
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The reduced number of inhabitants and the introduction of new strategies of gathering have led to redouble
the separate waste collection ratio during the last ten years. The most important innovation has been the
introduction of the door-to-door collection strategy aimed to encourage citizens in performing the correct
way to separate household waste. Results of the door-to-door campaign were impressive.

2
Province n° Municipalities Inhabitants
‘ AN 47 471,228
AP 33 207,179
FM 40 173,800
MC 55 314,178
PU 53 358,886
Tot. 228 1,525,271

Figure 3 - The Marche Region location and data (number of municipalities and inhabitants).

Regarding the organic fraction only 9 municipalities on 228 (4%) do not have a separate system to collect
organic waste, around 5000 people corresponding to the 0.3% of the whole (data elaborated by ARPAM —
Agenzia Regionale per la Protezione Ambientale Marche). This led to a sensible decrease of the total waste
production in the Region during the last 10 years (2011 — 2020), switching from 793,210 t down to 755,494
t, more than 37 kt of household waste were avoided (data elaborated by ARPAM). Similar trend was obtained
for the organic fraction. Looking at the data from household kitchen and canteens (EER 200108) depicted in
Figure 6 a sensible increase in the amount of organic fraction collected per capita occurred leading to an
average +47% in the Region (109kt in 2011 and 160kt in 2020). Absolute results per each province are
reported in Table 2.

2020
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2011 2020

Figure 4 - Variation of the sorted organic waste from household kitchen and canteens (EER 200108) in Marche Region. Data refer to
the amount collected per capita in 2011 and 2020 (ARPAM data elaboration).

21



Province 2011 (kg) 2020 (kg)

PU 14,966,749 32,391,640
AN 35,991,642 44,559,250
MmcC 38,166,870 43,070,680
FM 10,497,680 18,817,530
AP 9,191,275 20,814,520
Total 108,814,216 159,653,620

Table 2 - Absolute amount of the sorted organic waste from household kitchen and canteens in Marche Region. Data refer to the
amount collected per capita in 2011 and 2020 (ARPAM data elaboration).

As stated, pictures and tables cited above show a substantial increase in the volume of the collected waste,
which implies a reduction in the fraction landfilled. However, such figures do not inform on the amount of
the seFW. Therefore, in line with the Agenda 2030 goals, the regional Environmental Protection Agency
(ARPAM), has considered appropriate performing an analysis campaign to investigate the average regional
amount of still edible wasted food within the Region (seFW full definition reported in the introduction). A
two-years campaign (2016-2018) was performed with the goal of obtaining quantitative data to support the
Governance in designing direct and indirect mitigation strategies. 2019 campaign was not performed due to
some re-organisation reasons. On the contrary, 2020 campaign did not occurred due to the ongoing COVID-
19 pandemic.

Figure 5 reported below describes, in brief, the methodology adopted in the study. Green boxes (included
within study boundaries, pink lined frame) represent the work carried out in this research. After unsorted
wastes are disposed, ARPAM technicians have worked to collect representative samples per each catchment
area through quartering according to ANPA (2000). This procedure was performed manually (through visual
and manual selection) in order to differentiate all the waste categories. The procedure described in next
paragraph was adopted to estimate the amount of still edible wasted food in the unsorted fraction
(seFWunsorted) and within the organic fraction (seFW.sorted). The sum represents the total amount of still edible
food discharged by citizens within the Marche Region (Equation 1- Still edible wasted food, in mass.). These
indicators were then used to estimate trend in other Italian Regions.

seFWindex=SeFW

unsort

atSEeFW

sorted

Equation 1- Still edible wasted food, in mass.

Red lines in Figure 5 correspond to the areas for future improvement. seFWingex may be used as benchmark
to implement surveys and then strategies to be shared with the community in order to work on the reduction
of such problem. As suggested by literature (Lebersorger and Schneider, 2011), the full methodology is
presented below in order to help third parties to adopt the same strategy or to work to improve it.
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Figure 5 - Flow sheet of the unsorted waste path, from generation to the analysis of food waste fraction at the disposal site. Green
boxes (included within study boundaries, pink lined frame) represent the work carried out in this research.

Catchment areas and sample preparation

Eight catchment areas within the Marche Region were selected during first year (Y1) and seven in the Y2,
since two waste treatment facilities operating within the Ancona district were unified. These catchment areas
consist of landfill and mechanical biological treatment plant (MBT) dislocated along the Region. All the
catchment areas were selected to cover the entire regional surface. Per each catchment area representative
samples were obtained. This procedure was carried out taking into account waste produced by selected
municipalities, which were identified on the basis of three different criteria:

Number of people and population density, to include both small and big towns. Demographic
representativeness.

Waste collection system, to cover all the different methodologies implemented within the Region such as
doorstep collection, community depots and road bins. Technological representativeness.

Territorial altitude, to take into account several cultural behaviours and accessibility of vehicles (plain, hill
and Apennine zones). Geographical representativeness.

The selected areas in the study were:

- Catchment 1_Tavullia (PU)

- Catchment 2_Urbino (PU)

- Catchment 3_Fano (PU)

- Catchment 4_Corinaldo (AN)

- Catchment 5_Maiolati Spontini (AN)
- Catchment 6_Tolentino (MC)

- Catchment 7_Fermo (FM)

- Catchment 8_Ascoli Piceno (AP)

The Figure 6 shows the location and distribution of the catchment areas selected in the study.
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Figure 6 - Selected catchment areas per year, with the percentage of food waste and organic fraction.

Different from a top-down approach, a waste composition analysis implies physical resources onsite (i.e.,
technicians and machineries), not always available due to their involvement in other activities. Therefore, in
order to reduce time and costs, the sampling procedure was condensed by collecting only one sample per
area of analysis. A manual quartering procedure was performed in order to prepare representative samples
(Figure 9).

&S“m@&gz: @%:lrf
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Figure 7 - Quartering procedure to obtain samples then manually sorted.

Quartering was carried out by two technicians on closed bin bags by the use of a wheel loader (model L110H,
L120H by Volvo Construction Equipment) to create a waste round platform denominated “cake”, with five
meters of diameter and eighty centimetres high. The choice of performing quartering on closed bin bags has
also contributed in minimizing likelihood of breaking and mixing the FW. Additionally, one technician audited
the entire process, while the other handled the wheel loader. The cake created was then divided into four
quarters clockwise numbered. The operators have discarded 1°tand 3™ and mixed 2"* and 4™ quarters. A new
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cake was generated which weights half then the first. Quartering procedure was then repeated to obtain the
final samples of 77-185 kg each, in line with ANPA (2000). Exact values per each sample are collected in Table
8.

Once ready, final samples were used to quantify the seFW within the samples of unsorted waste
(seFWunsortea). Figure 8 depicts the whole procedure, described in detailed below, which was applied for each
sample and catchment area.

ORGANIC FRACTION

NOT EDIBLE POTENTIALLY STILL
EDIBLE

ORGANIC
WASTE v seFW
PACKED NOT PACKED
the weight of the packaging the weight of the packaging

se FWUNSORTED

>10% of the content’s weight <10% of the content’s weight

¥

Subtract the weight reCO"f gross
of the packages and weight

weight them in the "'

dedicated category

Figure 8 - Estimation of the seFWynsorted-

In order to identify the seFWunsortes amount a waste composition analysis was performed through manual
selection. This procedure allowed to split the samples content into 18 waste fractions (metallic packaging,
metallic goods, plastic packaging and plastic goods, wood packaging and wood goods, wood from garden and
parks, graphic papers, cellulosic packaging, WEEE, dangerous waste (as medicinal and batteries), diapers and
absorbent material, inert waste, glass, glass packaging, organic, multilayer packaging, textile, mixed waste
with diameter <2cm, rest deriving from sorting). Among these the organic fraction was then divided into two
sub-categories: seFWynsortes and the OW. As suggested by literature (Lebersorger and Schneider, 2011), none
screening through sieving was performed in order to reduce error in waste composition. Some examples of
seFW found during the analysis of the unsorted waste are shown in Figure 13. In particular, were found
vegetables (e.g., fava beans, salad, onion, fennel, tomato, apple, oranges, potatoes, cabbage, eggplant,
zucchini and tinned chickpeas), pasta and bread (e.g., common bread, stuffed sandwich, breadsticks, biscuits,
pasta, piadina and crackers), meat and fish (e.g., cured meat, salami, frankfurters, steak and canned tuna)
and beverage (e.g., orange juice, milk and sodas).

The seFW fraction was then split into packed and not packed. The fraction without packaging was collected
in a separated plastic crate and then weighted by the use of an industrial basic balance, the same adopted
for other mass measures within the study (model IND22 produced by METTLER TOLEDO). On the other hand,
the packed fraction was sub-divided into seFW with a packaging weight >10% of the content’s weight and
seFW with a packaging weight <10% of the content’s weight. In the first case, technicians have measured the
gross and net weights of the packaging flows to address the exact amount of seFW. In the latter case the
packaging weight was considered negligible (e.g., plastic film in 500g pasta pack) and the whole items were
weighted and results collected as seFW. The sum of these two streams represents the so-called seFWunsorted
index. Results of the analysis were collected in Table 3.
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Year 2016 2018 2019

Serunsurted in

seFWnsorted iN Mass seFW nsorted in mass

Catchment area seFWuynsorted (Kg) sample (%) seFWynsorted (Kg) sample (%) mas(s:/s)ir:ple
(]
1 5 5 6 7 6
2 2 2 2 2 2
3 4 5 4 4 4
4+45* 14 4 9 11 8
6 5 3 6 6 4
7 3 3 0 0 i
8 4 4 1 1 3

* Data for Corinaldo (Catchment 4, AN) were reported together with data of Maiolati Spontini (Catchment 5, AN) due to the
unification.

** Data on composition for 2019 represent weighted averages between 2016 and 2018 results. 2019 campaign was not performed
due to some re-organisation reasons. On the contrary, 2020 campaign did not occurred due to the ongoing COVID-19 pandemic.

Table 3 - Mass (kg) and contribution (%) of the seFW nsorted in Samples. Results were rounded up to the expected number of
significant figures.

Data on composition for 2019 represent weighted averages between 2016 and 2018 results. Percentages for
the years 2018 and 2019 were then used to estimate the total amount of seFWnsorted (in kg) within the
Marche Region (Table 4). Percentages, per catchment area and year, were combined with the municipal
unsorted waste generated per province in both years (direct communication by the ltalian Institute for
Environmental Protection and Research - ISPRA). Results (in tons) are reported in Table 4.

Mixed waste generated

Plant location Province Catchment by Municipalities seFMﬁ""”"Ed seFWunsorted

area of the area in 2018 (ton) (%) (ton)

Tavullia PU 1 26,517 7 1,772
Urbino PU 2 12,424 2 251
Fano PU 3 16,414 4 661
Corinaldo / Maiolati AN 4+45% 69,574 11 7,694
Tolentino MC 6 40,922 6 2,377

Fermo FM 7 23,655 <0 48

Ascoli P. AP 8 37,748 1 491

2018 TOT 227,254 13,294

Mixed waste generated
Plant location Province  Catchment by Municipalities SeFV\ﬁ”"sme" seFWunsorted

area of the area in 2019 (ton) (%) (ton)

Tavullia PU 1 30,676 6 1,757

Urbino PU 2 3,654 2 65

Fano PU 3 16,721 4 737
Corinaldo / Maiolati AN 4+5% 67,687 8 5,472
Tolentino MC 6 40,987 4 1,697
Fermo FM 7 21,776 2 327
Ascoli P. AP 8 35,926 3 934

2019 TOT 217,427 10,989

* Data for Corinaldo (Catchment 4, AN) were reported together with data of Maiolati Spontini (Catchment 5, AN) due to the

unification.

Table 4 - seFWunsorted values from unsorted municipal waste within Marche Region. Results were rounded up to the expected
number of significant figures.

27




In order to investigate the pre-disease trend in the Marche Region, data from 2018 and 2019 were selected.
They represent the last available results on waste management before the ongoing COVID-19 pandemic and,
therefore, not affected by fluctuations reported in Figure 12 and Table 5. In fact, a decrease of the organic
and paper fractions is depicted between 2019 and 2020. Main reason could be the national lockdown which
implied lower amount of wasted food and a decrease in the usage of office paper. This trend is also confirmed
by international peer review literature. Amicarelli and Bux (2021) have found an average -30% on Italian
values during lockdown; Pappalardo et al. (2020) have shown about 33% of the sample reported a substantial
decrease in the FW amount (16% decreased mildly). Vittuari et al. (2021) have found that 51.6% of
respondents stated that they wasted less food during the quarantine, with respect to the previous period.
Similar results were also founded on international scale in the case of Japan, Spain, Brazil and USA (Qian et
al, 2020; Vidal-Mones et al, 2020; Schmitt et al. 2021; Rodgers et al. 2021) On the other hand, glass fraction
is increased. Lockdown, again, could represent a valuable reason since Italians may have privileged long-life
food. Looking at the overall MSW trend, the effects of the 2008 economic crisis have been reflected the total
urban waste from 2011 up to 2015. They grew up again in 2016-2019. On 2020 a sensible decrease of -4%
was detected due to the ongoing pandemic situation.
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Figure 9 - seFW values from unsorted municipal waste per capita by province.

450.000

400.000
— 350.000 O\O
= 300.000 o
o o S —@— Unsorted
S 250.000 O —0— g
= OOO Paper
© 200.000
o Plastic and metals
£ 150.000 o0 0o ©° 9o
A O/M —0—Glass
=

100.000 —O— Organic

5000 | g @ © ©— 00— 0 0 00
O T T T T T T T T T

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Figure 10 - MSW trend in Marche Region, considering the main waste fractions (years 2011-2020).
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Amount from Table 4 were then normalized using number of inhabitants per province (see data for 2019 in
Figure 5). Results per capita (kg/inhabitants) are depicted in Figure 11 and Table 6. In order to estimate the
seFWingex Within the Marche Region quantitative values of the sorted fraction are needed. However, they
were not available: the analysis was not performed on the OW sorted, since not requested by the authorities.
Therefore, to obtain a potential estimation of the seFWsoreq it was assumed that the total amount of
seFW.nsorted (€qual to the sum of the single value found per sample, 65kg) corresponds to the total seFWsorted.
Thus, average percentage indexes for the sorted and unsorted (seFWorg.rac. % and seFWynsorted%) Were then
calculated for the Marche Region. Values are reported in Table 8. This assumption is supported by the fact
that citizens behaviour in terms of wasted food is not necessarily affected by the type of waste collection
chosen to landfill, but it is related to other variables in upstream (e.g., income, cultural level, sensibility to
such issue). As already reported in literature (Bernstad Saraiva Schott et al., 2013), percentages of FW in
separate collection and mixed waste are almost constant. Therefore, it is plausible to suppose that within
the Marche Region similar amount (kg) of food is wasted within the sorted collection. The seFWorg frac.% is
then used to estimate the potential total amount of seFW in kitchen biodegradable waste for the years 2018
and 2019 (seFWsorted). Values are first evaluated in absolute terms per catchment area and then seFWorted
per capita (kg/inhabitants) were calculated. Average results are collected in Table 9.
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Figure 14 depicts results in terms of seFWingex Showing the contribution of the seFWsorted and seFWnsorted
fraction, per both years studied.

Year Unsorted Paper Plastic and metals Glass Organic Sorted Total Urhan waste Total
2011 384,986 94,039 33795 40,798 108,814 387,721 793,210
012 3740 S 95138 1% 3014 16% 4255 4% 126147 16% 436,336 13% s [ -
2013 293115 [ SO 97884 M 41306 6% 43771 % 136514 8% 456378 5% 758095 |] -3%
014 26938 Bl 9rTu4 %  379%6[H 8% 4463 % 147226 8% 480513 5 758254 | 0%
2015 254709 5 96839 [ 1% 48115 2% 46,766 5% 150276 2 40768 [ % 733185 [. -3%
2016 253153 1 98459 2% 50111 % 47811 2% 157319 5% 493840 5% 755000 3%
2017 244904 A 100336 % 61265 2% 49840 4% 154523 -2% 512,059 4% 786,663 4%
2018 28403 [ 104150 % 65663 ™ 51825 4% 163337 6% 553051 8% 799848 2%
2019 217810 5@ 104000 0% 66597 1% 54504 5% 164143 0% 557381 % 792645 [I -1%
2020 207,748 58 100406 W -3% 66629 0% 56337 % 159654 3% 5410468 3% 761532 K 4%
Table 5 - MSW trend in Marche Region (years 2011-2020).
Year 2018 2019
Province Inhabitants p:fz\:::i::'&dg) Inhabitants p:‘:z\:::ir;:r;;(dg)

PU 360,125 7 358,886 6

AN 472,603 16 471,228 12

MC 316,310 8 314,178 5

FM 174,338 <0 173,800 2

AP 208,377 2 207,179 5

Weighted average - 8 - 7

Table 6 - seFW values from unsorted municipal waste per capita by province. Results were rounded up to the expected number of
significant figures.

2018 PU AN MC FM AP
PU 0 -10 -1 6 4
MC 1 -9 7 5
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AP -4 -14 =5 2 0

2019 PU AN MmcC FM AP
PU 0 -6 0 4
AN 6 0 6 10 7
MmcC 0 -6
FM -4 -10 -4 0 -3
AP 1 -7 =il 3 0

Table 7 - seFWnsorted PEr capita, differences between provinces (pairwise comparison). Results were rounded up to the expected
number of significant figures.

Tot. organic

Catchment seFWunsorted . Tot. sample
area (kg) fraction (kg)
(kg)

1v1 5 23 99
2.Y1 2 37 122
3. Y1l 4 8 82

4+5_Y1* 14 41 333
6_Y1 5 21 155
7_Y1 3 16 105
8 Y1l 4 39 122
1.Y2 6 20 89
2.Y2 2 16 77
3.Y2 4 12 110

4+5_Y2* 9 12 80
6_Y2 6 17 95
7.Y2 0 13 99
8 Y2 1 23 100
Tot. 65 297 1667

seFWunsc)rted 4
(%)
SeFWorg.frac.**
(%) 22
* Data for Corinaldo (Catchment 4, AN) were reported together with data of Maiolati Spontini (Catchment 5, AN) due to the
unification.

** seFWorg.frac. % represents the amount of wasted food within the organic fraction in the unsorted samples.

Table 8 - Calculation of the weighted average seFWratio. Indication of the weights relevant to the “food waste” and total organic
fraction in the analysed samples. Results were rounded up to the expected number of significant figures.

. seFWsorted
Year n° sample Inhabitants Sorted biowaste seFWsorted per capita
(ton) (ton)
(kg)
1 139,219 12,178 2,658 19
2 84,895 7,602 1,659 20
3 136,011 13,151 2,870 21
2018 445% 459,801 43,952 9,592 21
6 329,112 45,958 10,029 30
7 174,338 18,101 3,950 23
8 208,377 22,395 4,887 23
R. Marche 1,531,753 163,337 35,645 23
1 139,31 12,338 2,693 19
2 78,981 7,969 1,739 22
2019 3 140,595 13,662 2,981 21
4+5% 458,442 44,271 9,661 21
6 326,964 45,749 9,984 31
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7 173,8 18,896 4,124 24
8 207,179 21,258 4,639 22
R. Marche 1,525,271 164,143 35,821 23
* Data for Corinaldo (Catchment 4, AN) were reported together with data of Maiolati Spontini (Catchment 5, AN) due to the
unification.

Table 9 - seFW values from sorted organic waste in Marche Region, using the estimated seFWorg.frac. % (22%). Data: year 2018
and 2019. Results were rounded up to the expected number of significant figures.

Y . seFWsorted Sersor.ted seFWunsorted SeFWunstirted seFWindex SeFWind.ex
ear Territory (ton) per capita (ton) per capita (ton) per capita
(kg) (kg) (kg)
PU 7,187 20 2,395 7 9,582 27
AN 9,592 21 7,694 16 17,285 37
2018 MC 10,029 30 2,377 8 12,406 38
FM 3,950 23 48 0 3,998 23
AP 4,887 23 491 2 5,378 26
Marche 35,645 23 13,005 8 48,650 32
PU 7,413 21 2,010 6 9,423 26
AN 9,661 21 5,472 12 15,133 33
2019 MC 9,984 31 1,697 5 11,681 36
FM 4,124 24 327 2 4,451 26
AP 4,639 22 934 5 5,573 27
Marche 35,821 23 10,439 7 46,260 30

Table 10 - Sorted, unsorted and overall values (absolute and per capita) for seFW within Marche Region. Data: year 2018 and 2019.
Results were rounded up to the expected number of significant figures.

Application at national level

After completing the analysis at initial regional level, the resulting values were applied to the other Italian
Regions. Urban waste generation 2019 data were communicated directly by ISPRA. Thus, the same
methodology applied before was followed by assuming the percentage parameters remain constant. A linear
extrapolation was adopted by assuming the same percentage of seFW (sorted and unsorted) is produced
among the Regions. Despite the fact literature (Waste Watcher International Observatory, 2022) has shown
that FW produced in ltaly varies between North (-12% vs average), Centre (-7% vs average) and South (+18%
Vs average), our estimations were maintained constant to not introduce a further source of potential error.
As reported in previous study (Falasconi et al., 2019) values obtained are not intended as reliable proxy for
the real national situation. On the contrary, they should be used to make citizens more conscious of the
potential impacts and benefits of their behaviour at home. The seFW nsorted% Was combined with the total
amount of unsorted mixed waste (EER 200301) generated in each Region in order to estimate the absolute
values (Errore. L'origine riferimento non é stata trovata. (a)). The same procedure was extended to the
sorted biowaste fraction (EER 200108) by using the seFWorgrac. % (Table 1 — Results of product analysis,
production of mixed waste, cellulosic packaging waste and multi-layer packaging waste in the target area.
(b)). Per capita amounts were also evaluated and tendency is shown in Figure 15.
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Figure 11 - Examples of seFW found in the analysed samples of unsorted municipal waste.

Environmental and economic assessment

An estimation of the potential environmental and economic impacts related to seFW was performed. This
choice was made based on the relevance of the environmental issues concerning the agri-food systems and
consistently with previous food waste impact assessments on a global and national scale (FAO, 2013; Grosso
et al.,, 2019). The environmental impact assessment has focused on climate change potential only, by
expressing results in terms of carbon footprint. Mass of equivalent carbon dioxide (CO.e) are used as
indicator. This impact category is not comprehensive of all the impacts deriving from the agri-food sector
(e.g., land occupation, water use and pollution, biodiversity loss, soil degradation, deforestation and others).
However, CO,e was selected since user friendly and worldwide recognized as indicator to have a first
benchmark on the environmental sustainability of the system under study. Estimates obtained by Grosso et
al. (2019) were followed, because of their affinity in terms of final aim, methodology (waste composition
analysis) and setting (Italy). Researchers performed a full Life Cycle Assessment — LCA (ISO 14040; ISO 14044)
including all the food supply chain phases and their relative impacts, from agricultural production to domestic
consumption and final disposal. Based on the mentioned methodology and according to the sampling
campaigns performed in northern lItaly, 27 kg/inhabitant/year of food waste were estimated, which
correspond to 62 kgCO,e/inhabitant/year. Such numbers were applied to our case study, by assuming a linear
correlation. Results are depicted in Table 21.

Starting from data reported in Table 21, an evaluation of the potential economic implications related to the
greenhouse gases (GHGs) emitted was performed. GHGs emissions were valued using the Social Cost of
Carbon (SCC), based on the total costs of a tonne of emitted CO,e (FAO, 2014). This methodology was applied
due to the lack of data concerning retail price, which needed values on single country and commodity levels,
data not available at the moment of the analysis. According to FAO (2014) the SCC represents the total costs
of a tonne of emitted COze and it is able to estimate the cost of the global damage caused by GHGs emitted
by considering their lifetime (100 years or longer). Estimates of the SCC are often disputed as they depend
on different parameters such as the discount rate or the cost coverage. Therefore, the combination of these
uncertainties results in a wide range of values: USD 8-20/tCO,e (Waldhoff, Anthoff et al. 2011), USD
180/tCOze (Anthoff and Tol 2013) or USD 10-200/tCOze (Andersson et al., 2020). Stern Review (2007) gave
an estimate of USD 113/tCO,e, quite near to the EUR 100/t CO,e settled by Europe (European Commission,
2013) within the Emissions Trading Scheme (ETS). Therefore, values from the European Central Bank
(Andersson et al., 2020) were used to our case study. Results are collected and described in the following
paragraph.

33



SeFWindex seFWindex per capita

Region (ton) Inhabitants (kg)
Valle d'Aosta 2,504 125,034 20
Friuli Venezia Giulia 24,100 1,206,216 20
Basilicata 11,293 553,254 20
Piemonte 88,863 4,310,746 21
Lombardia 226,405 10,026,684 23
Liguria 35,656 1,524,826 23
Molise 6,851 300,516 23
Trentino Alto Adige 25,936 1,077,701 24
Veneto 115,634 4,879,133 24
Emilia Romagna 108,620 4,464,119 24
Lazio 140,626 5,755,700 24
Calabria 47,675 1,894,110 25
Sicilia 122,174 4,867,726 25
Puglia 111,091 3,952,252 28
Umbria 25,439 870,165 29
Abruzzo 39,441 1,293,941 30
Toscana 114,560 3,692,597 31
Campania 174,992 5,712,143 31
Sardegna 53,475,212 1,611,621 33
Italy* 1,519,644 59,643,755 25

*QOverall value includes those of Marche Region.

Table 11 - Food waste estimated in the different Italian Regions, year 2019. Results were rounded up to the expected number of
significant figures.

Region kgCO,e/inhabitant/year tCO,e/year
Valle d'Aosta 46 5,742

Friuli Venezia Giulia 46 55,397
Basilicata 46 25,409
Piemonte 48 207,874
Lombardia 53 529,557
Liguria 53 80,533
Molise 53 15,872
Trentino Alto Adige 55 59,393
Veneto 55 268,894
Emilia Romagna 55 246,023
Lazio 55 317,203
Calabria 57 108,736
Sicilia 57 279,444
Puglia 64 254,115
Umbria 67 57,947
Abruzzo 69 89,138
Marche 69 105,074
Toscana 71 262,858
Campania 71 406,620
Sardegna 76 122,125

Italy 57 3,497,954

Table 12 - Results in terms of carbon footprint at national level. Data year:2019.
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Country Source FW (g/week) FW (kg/year)

Scalvedi and Rossi, 2021 370 19

SIMA, 2015 400 21

Grosso et al., 2019 (North Italy) - 27

Waste Watcher International Observatory, 2021 529 28

North 489 25

Italy Center 497 26
South 602 31

Waste Watcher International Observatory, 2022 595 31

North 522 27

Center 538 28

South 705 37

Austria Lebersorger and Schneider, 2011 640 33
Canada Parizeau et al., 2015 4200 218
Waste Watcher International Observatory, 2021 1144 59

Czech Republic Sosna et al., 2019 312 16
Israel Elimelech et al., 2018 1820 95
Mexico Gutiérrez-Barba and Ortega-Rubio, 2013 2240 116
Pakistan Khalid et al., 2019 426 22
South Africa Chakona and Shackleton, 2017 238 12
Russia Waste Watcher International Observatory, 2021 673 35
Spain Waste Watcher International Observatory, 2021 836 43
UK Waste Watcher International Observatory, 2021 949 49
us Waste Watcher International Observatory, 2021 1403 73

Table 13 - FW values extracted from literature. In bold results at national level.
Results and discussion

This section describes the main results achieved in the study. As stated above, first step was the
guantification of the seFWunsorted Within the Marche Region. Scores are collected in Table 4, which shows that
the decrease in total mixed waste generated in the various provinces is reflected in the decline of seFWunsorted
from 2018 to 2019. Separate collection of organic kitchen waste is active on the investigated territory,
covering 96.5% of the municipalities and at least 99% of inhabitants. Worst results are achieved by
municipalities within the AN district. They show the highest potential contribution to the seFW unsorted Within
the Region (58-50%), despite the reduction of -29% reached in 2019. As reported in the footnote, data for
Corinaldo (Catchment 4, AN) were aggregated to those of Maiolati Spontini (Catchment 5, AN) due to the
unification of the plants. Later in the list can be found PU (23-20%), MC (18-15%), AP (8-4%) and FM (3-0.4%).
The trend for AN district is also confirmed by results per capita (kg/inhabitants). Figure 11 and Table 6 show
the higher potential values achieved within AN district (+92-70% with respect to the weighted average). The
main reason of these scores could be ascribable to low efficiency of the sorted waste collection achieved by
the city of Ancona (the most densely populated within the district). In fact, according to data elaborated by
ARPAM, the collection of the sorted waste in the laps 2018-2021 ranges from 57% up to 61%, significantly
lower than the regional average (72%). This means that in city of Ancona a part of OW goes into the unsorted
fraction leading to a higher value of the seFW\nsorted, €Stimated having a contribution between 36-44% on the
seFWingex (Figure 14 - 15).
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Figure 12. Contribution of the sorted and unsorted to the overall seFWindex. Data: year 2018
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Figure 13 - Contribution of the sorted and unsorted to the overall seFWindex. Data: year 2019.

As described in the section above, values achieved for the seFWunsorted Were used to estimate a regional
seFWunsorted% (4%) and seFWorg rac. % (22%). As explained, the latter was used as approximation to calculate
seFWorted. Scores are reported in Table 8, which also shows that the total weight per sample ranges between
77-185 kg each. This fluctuation is only limited to the mass, since quartering of bin bags was carried out
maintain the volume constant (wheel loader capacity around 3.0-3.6m?3, in line with the ISO standard).
Values for seFWsorted and seFWnsorted Were combined to obtain the cumulative seFWingex per district. Absolute
results are shown in

(a)
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Figure 14, by highlighting the contribution of sorted (purple) and unsorted (light blue). Table 10 shows data
ranging from a minimum value of 23 to a maximum value of 38 kg / per capita in 2018 and values from 26 to
36 kg / per capita in 2019. Results per district were used to estimate the overall score per capita within the
Marche Region. In 2018 regional seFWindex Was around 32 kg per capita, while in 2019 the value reached 30
kg per capita. A reduction of 2 kg per inhabitant has led to an avoided production of around 3000 kt of seFW
in 2019 respect to the previous year. Cumulative regional scores are in line with those already reported in
literature regarding the average amount of FW in Centre of Italy. Waste Watcher International Observatory
(2021; 2022) has found 26 kg/year/inhabitant and 28 kg/year/inhabitant for the years 2020 and 2021
respectively. They are also comparable to those calculated for the North of Italy: 27 kg/year/inhabitant
(Grosso et al., 2019; Waste Watcher International Observatory 2022) and to the national average (28
kg/year/inhabitant and 31 kg/year/inhabitant for the years 2020 and 2021 respectively (Waste Watcher
International Observatory 2022). Among the districts, MC achieved the higher per capita results: +20% and
+18% compared to the average Marche values (per 2018 and 2019 respectively). These scores are +2-10% of
those in the AN district (the second). Smaller per capita amounts are obtained in the case of the other
districts, if counterposed to those of the Region. Percentage contribution of the seFWsored Was estimated to
be around 56-99% of the whole index (Figure 14 and Figure 15).
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Figure 14 - seFWinqex per capita, per province and cumulative: (a) year 2018; (b) year 2019.As reported in the methodology section,
results at regional scale were then extended to the Italian level. Errore. L'origine riferimento non é stata trovata. collects seFW
values from unsorted (a) and sorted (b) municipal waste in Italian Regions.

(a)
Region Unsorted mixed waste seFWnsorted
(ton) (ton)
Piemonte 776,749 30,216
Valle d'Aosta 22,251
Lombardia 1,334,531
Trentino Alto Adige 130,919
Veneto 580,908 22,597
Friuli Venezia Giulia 179,408 6,979
Liguria 382,201 14,868
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Emilia Romagna 864,770 33,640

Toscana 877,323 34,128
Umbria 147,929 5,754
Lazio 1,444,917 56,207
Abruzzo 223,321 8,687
Molise 53,145 2,067
Campania 1,218,375 47,395
Puglia 907,881 35,317
Basilicata 99,833 3,884
Calabria 395,862 15,399
Sicilia 1,329,035 51,699
Sardegna 177,752 6,915
Italy 11,365,453 442,116
(b)
A Sorted Biowaste seFWorted
Region (ton) (ton)
Piemonte 268,777 58,647
Valle d'Aosta 7,507 1,638
Lombardia 799,688 174,492
Trentino Alto Adige 95,526 20,844
Veneto 426,381 93,036
Friuli Venezia Giulia 78,464 17,121
Liguria 95,270 20,788
Emilia Romagna 343,632 74,980
Toscana 368,619 80,433
Umbria 90,214 19,685
Lazio 386,885 84,418
Abruzzo 140,943 30,754
Molise 21,921 4,783
Campania 584,773 127,597
Puglia 347,273 75,775
Basilicata 33,956 7,409
Calabria 147,921 32,276
Sicilia 322,982 70,475
Sardegna 213,385 46,561
Italy 4,938,259 1,077,528

Table 14 - seFW values from unsorted (a) and sorted (b) municipal waste in Italian Regions. Data: year 2019.

Results are depicted using a gradual colour shade to identify higher seFW production potential. Regions with
worst scores are in red: Lazio, Lombardia and Sicilia for the seFW nsorted; Lombardia in the case of seFWsorted.
Orange shade includes the bigger number of regions: six for residual waste (Campania, Puglia, Toscana Emilia
Romagna, Piemonte and Veneto) and seven if the sorted fraction is considered (Campania, Veneto, Lazio,
Toscana, Puglia Emilia Romagna and Sicilia). The others fall into the lower potential production (yellow and
green). As stated above in the methodology, a linear extrapolation was adopted. Therefore, we assumed that
Regions with greater amount of waste (both sorted and unsorted) and number of inhabitants may have an
increasing likelihood of producing seFW s. This is the reason why the potential results for Lazio, Lombardia
and Sicilia are higher than those of Valle d'Aosta, Friuli Venezia Giulia and Basilicata. Such values are not
intended as proxy for the real situation, but may be used to orient and improve citizens’ behaviour. Regional
seFWnsorted and seFWsorted Values have been then added to estimate the whole amount per region and then
total national score (seFWingex, Table 20). A huge amount is observed overall with a potential seFW more than
1.5Mt in 2019, 29% of which in unsorted bins. Such data are impressive representing around 17 times the
amount of food collected and re-distributed through the programme “Colletta Alimentare” in 2020, one of
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the most important initiatives in Italy aimed at fighting poverty and food waste (Fondazione Banco
Alimentare Onlus, 2020). In addition, the quantity estimated is in line with those obtained by previous studies
such as: Grosso et al. (2019), that have calculated around 1.6 million tons per year, and Waste Watcher
International Observatory campaigns (2021; 2022). In the latter case average values per week and capita
were extrapolated by obtaining around 1.6-1.8Mt yearly (for 2020 and 2021 respectivelly). Actually, the same
procedure was carried out on other studies which followed a top-down approach obtaing comparable
findings, e.g. around 1.1 Mt/y in the case of Scalvedi and Rossi (2021) and 1.4Mt/y obtained by SIMA (2015).
Tendency relating to the per capita amounts are shown in Figure 15. According to these estimations, 2019
seFWindex per capita achieved an average value 25 kg seFW/inhabitant, quite far from the 92 kg per person
per year achieved at European level (Stenmarck et al., 2016). Result calculated here for the national scale is
sensible lower if compared to those extrapolated in literature concerning Spain (43 kg /inhabitant/year), UK
(49 kg /inhabitant/year), US (73 kg /inhabitant/year), Israel (95 kg /inhabitant/year), Mexico (116 kg
/inhabitant/year) and Canada (59-218 kg /inhabitant/year). At the same time, it approaches values obtained
for countries such as Pakistan (22 kg /inhabitant/year), Austria (33 kg /inhabitant/year) and Russia (35 kg
/inhabitant/year). In addition, our value seems in line with the average amount calculated from the yearly
national values estimated by the following literature: 19 kg/inhabitant (Scalvedi and Rossi, 2021), 21
kg/inhabitant (SIMA, 2015), 28 kg/inhabitant (Waste Watcher International Observatory campaigns, 2021)
and 31 kg/inhabitant (Waste Watcher International Observatory campaigns, 2022). Full list and references
are reported in Table 22.

As shown in Figure 17, seven Regions have potential higher amounts compared to the national average.
Among these Marche is included with a +20% in the score.
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Figure 15 - seFWingex per capita at national level. Data: year 2019.
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Cumulative results for both case studies (Marche Region and lItaly) were used to estimate potential
environmental and economic burdens following the methodology described in the dedicated paragraph.
Results from the simplified environmental assessment show that Marche region achieved a potential carbon
footprint related to the seFWingex Of 69 kgCO,e/inhabitant/year. Overall, Italy may have contributed to
climate change with a potential release of 3.5 MtCOze in 2019, almost the 1% of the national CO, emission
(Ritchie and Roser, 2020), corresponding to around 57 kgCO.e per capita. Results seem confirm the
estimation already published by Grosso et al. (2019), which reported 3.7 MtCO,e/year (nationally) and 62
kgCO,e per capita. Finally, results on carbon footprint were used to evaluate the potential economic
implications related to the GHGs by using SCC. Values from the European Central Bank (Andersson et al.,
2020) were applied to the overall 3.5MtCOze in 2019. The result is that the SCC cost ranges from 35-700MS,
which on average is in line with the 395MS obtained using Stern (2007) value.

Conclusions

In this research work we presented a data elaboration of results obtained from a two-years monitoring
campaign carried out in Marche Region aimed to quantify the still edible wasted food fraction within the
sorted and unsorted waste flows. The reason that pushed the study is the lack of primary data regarding
quantities and household behaviours on food waste. Recently, Italian situation on such issues has been
excellently analysed almost exclusively using a top-down approach (e.g., questionnaires). This approach is
nimble and able to reach higher numbers of interviewed, sufficient to have a statistical response. However,
sometimes surveys may suffer for subjectivity and could lead to qualitative responses only. For this reason,
in our opinion the results from questionnaires may be corroborated by those of a waste composition analysis
(bottom-up). In the study we estimated a potential seFW at regional scale, with a focus on each district.
Results achieved for Marche (32 kg per capita in 2018 and 30 kg per capita in 2019) are in line with those
already reported in literature regarding the average amount of FW in Centre of Italy. For this reason,
assuming a linear regression, they were extrapolated also for the national scale by achieving a cumulative
value of 1.5Mt of potential seFW. This amount seems confirm scores already published on national and
international peer-review. At the same time, result per capita (25 kg/inhabitant/year) is comparable to
similar countries (e.g., Austria) and lower than the average EU. Results at national level were then used to
quantify the potential impacts on climate change and society (Social Cost of Carbon). Scores of the latter
analysis have shown that during 2019, in Italy, the values on seFW correspond to a potential emission of
3.5MtCO,e (around 57 kgC0O,e/inhabitant and 1% of the national carbon footprint) with an estimated SCC
cost which ranges from 35-700MS. Despite the fact we were able estimate some quantitative results, the
approach here presented has some limitations. First, different from the top-down it needs resources on site,
with higher costs and difficulties in collecting more samples. In our case, only one sample was collected in
order to minimize time and not exceed the budget allocated. This, of course, will affect the possibility to carry
out a full statistical analysis of the results. However, despite the concise number of samples, they were
collected to be as representative as possible of the entire Region. Additionally, as described above the results
seem confirm trend already published. There is the necessity of financing new campaigns to upgrade the
results here presented by extending the assessment to the sorted organic fraction (right now only estimated).
However, the results of the study can be used to support public authorities during stakeholder engagement
activities and focus groups aimed to discussing and fighting the problem of food waste. Our intent was
investigating the topic by adopting a scientific approach based on a quantitative analysis. At the same time,
it is necessary to make these data available, to use figures to support the discussion within schools and
surveys among citizens. We hope the results of the study do not enrich the peer-review literature only, but
can assist policy makers in promoting the right behaviours, and set fixed monitoring campaigns to keep under
control the trend.
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6.2.Scenarios of Bioenergy Recovery from Organic Fraction of Residual Municipal Waste
in the Marche Region (ltaly)

Introduction

One of the main issues related to municipal waste (MTaW) is the management of the related organic fraction
(OFMW). In Italy, the generation of MW in 2019 was about 30.1 million ton [1]. In the same year, the
separately collected MW (sc-MW) accounted for 61.3% of the totally generated MW [1]. The OFMW,
representing a level of about 35.4% in the composition of the generated MW (as the Italian average estimate
in the multiyear period 2009-2019), is mainly diverted as a separately collected stream (sc-OFMW),
accounting in Italy for 39.5% of the total amount of sc-MW in 2019 [1]. However, a non-negligible amount of
organic fraction still remains in the residual municipal waste (RMW) stream [2], that accounted in Italy for
about 11.6 million ton in 2019 [1]. The direct disposal of organic waste in landfills can generate potential
environmental impacts on the air, soil, and water through the uncontrolled release of biogas and leachate
[3].

At least at the European level, to prevent or reduce the potential environmental impacts from landfills, the
mechanical biological treatment (MBT) concept is playing a key role in the preliminary treatment of the
organic fraction of RMW (OFRMW) prior to landfilling [4,5]. Particularly, in the common MBT technological
variation targeted at biostabilising aerobic systems) to produce a stabilised organic output destined for
landfilling [2,6-9]. However, a recent study found that the aerobically biostabilised organic output (bios-
OFRMW), produced from the aerobic biostabilisation MBT, still presents a residual biochemical methane
potential (BMP) [10]. Since the bios-OFRMW is generally destined for landfilling, this means that it may still
contribute to landfill methane generation, but also to greenhouse gas (GHG) diffuse emissions, as the
methane produced in landfills is not totally conveyed by the implemented landfill gas (LFG) collection and
extraction systems [11]. Although aerobic biostabilisation MBT plants represent well established systems to
manage the RMW, they are expected to be energy consuming (in particular, to guarantee the forced aeration
in the aerobic phase [12]); moreover, they do not allow the recovery of fuels (in the prevailing situation, at
least in Italy, of the mechanically separated, oversize fraction of RMW —os-RMW —similarly addressed to
landfilling [1]) or other valuable organic material recovery (compared, for instance, to compost obtained from
the aerobic treatment of the sc-OFMW). Thus, under the important role that the overall biowaste stream can
play in the transition towards a circular economy [13], the potential diversion of the us-OFRMW to an
anaerobic biological treatment step, still within the MBT concept, could represent a valuable and
environmentally friendly strategy. In fact, the methane-rich biogas generated by the anaerobic digestion (AD)
of biomass resources and organic waste constitutes a renewable bioenergy that can displace fossil-fuel-based
energy production [13,14].

Given the above considerations, this study aimed at elaborating and comparing alternative scenarios for
bioenergy recovery through anaerobic processes from the OFRMW in the Marche Region (Central Italy,
Adriatic Sea side). The first scenario, called

“BIOENERGYus-OFRMW”, estimated and evaluated the potential bioenergy recovery in the case of an
anaerobic biological treatment step of the us-OFRMW within the MBT concept, as an alternative to the
current aerobic step. The second scenario, called “BIOENERGYIMPACTbios-OFRMW”, focused on the
evaluation of the potential residual methane generation expected from the disposal of the bios-OFRMW at
the regional landfills in case the us-OFRMW continues to be treated aerobically in MBT systems. Moreover,
two-time bases were considered for the development of the scenarios: present (reference year 2019) and
future (reference year 2035). The main objective of this study was to assess the extent to which the potential
anaerobic biological treatment step within the MBT concept could be advantageous as bioenergy recovery
from the us-OFRMW generated (and generable) in the Marche Region or, conversely, the extent to which the
actual and unchanged management approach could negatively contribute to the potential environmental
impact connected with GHG diffuse emissions from the landfilling of aerobically treated us-OFRMW.
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Methodology
Synthetic Overview on MW Management in the Marche Region

The Marche Region is composed of five provincial territories (hereinafter identified as PT1-PT5: Figure 18),
with a total population of about 1,525,000 inhabitants in 2019 [15] and an extension of about 9400 km2 [16].
The MW generation in the Marche Region in 2019 was equal to 792,645 ton, with a corresponding per capita
MW generation of 520 kg person-1 year-1 [15]. The obtained regional level of sc-MW was equal to 70.5% in
2019 [15]. Referring to the management of sc-OFMW in 2019, an amount of 99,590 ton was reported to be
treated in composting plants located in the regional territory, while a further amount of 97,974 ton- was
reported to be addressed to recovery facilities located outside the Marche Region [1]. No AD or waste-to-
energy plants for MW are operated in the regional territory [1]. The resulting RMW, identified by the
European Waste Code (EWC) 20 03 01 [17], is addressed to no. 5 aerobic biostabilisation MBT systems (Figure
18). Particularly, each provincial territory from PT2 to PT5 is provided by an aerobic biostabilisation MBT
plant whose main final material outputs, i.e., the bios-OFRMW (identified by the EWC 19 05 03 [17]) and the
o0s-RMW (identified by the EWC 19 12 12 [17]), are both disposed of at a pertaining controlled landfill [1,15].
Concerning instead the provincial territory PT1, the implemented complementary aerobic biostabilisation
MBT system comprises no. 2 mechanical (selection) treatment (MT) steps, located in the coastal districts,
whose generated us-OFRMW streams (identified by the EWC 19 05 01 [17]) are addressed to the aerobic
biological treatment phase of the complete MBT plant located in the inland district: similarly to the other
provincial territories, the generated bios-OFRMW and os-RMW are disposed of at pertaining controlled
landfills [1,15]. Table 24 of the Supplementary Material reports representative characteristics of the aerobic
biostabilisation MBT systems located in the Marche Region. A synthetic representation of the overall MW
management in the Marche Region is provided in Figure 24 of the Supplementary Material.

' Landfill

e
® -

PT

Figure 16 - Overview on the Italian division in regional territories with detail (in red) of the Marche Region (left). The
enlarged map (right) shows the provincial territories (PTs) of the Marche Region and the location of the respective
MBT/MT and landfill facilities (status at the reference year 2019) (additional legend for PT1: blue line = disaggregation
into two coastal districts and one inland district).
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Derivation of the Mass Balances of the Provincial MBT Systems

The mass balance of each provincial aerobic biostabilisation MBT system was derived based on the collection
and elaboration of the respective operational data and the actual configurations of the systems (see Table
24 of the Supplementary Material). The input

was given by the received RMW, while the following final outputs were typical (Figure 19): os-RMW; bios-
OFRMW; possibly metal (identified by the EWC 19 12 02 [17]) from magnetic separation; possibly leachate
or aqueous liquid waste (identified by the EWC 19 07 03 or 16 10 02 [17]) from the aerobic biological
treatment step; and process losses. Concerning the intermediate output represented by the targeted us-
OFRMW, the resulting percentage by mass (%us-OFRMW) was derived based on the following expression:

%us-OFRMW = 100 - (%0s-RMW + %metal) (1)

where %0s-RMW and %metal represent the percentages by mass of the final outputs os-RMW and metal,
respectively.
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Figure 17 - Typical aerobic biostabilisation MBT system in the Marche Region: flow chart and mass balance.

Characterisation of the RMW, us-OFRMW, and bios-OFRMW

For the qualitative characterisation of the RMW, compositional analyses were conducted on samples of the
RMW addressed to the respective provincial aerobic biostabilisation MBT systems in the Marche Region.
These analyses were performed in accordance

with the sequential procedure (consisting of the heaping and removal of possible bulky materials, quartering,
screening, manual sorting, and weighing) adopted by the Environmental Protection Agency of the Marche
Region [18] and summarised in Table 25 of the Supplementary Material. In this study, the considered material
fractions were diaper, glass, metal (assumed as the aggregation of pertaining packaging and other metal),
organic (OFRMW, assumed as the aggregation of pertaining green waste, kitchen waste, and fines [8,19]),
paper/cardboard (assumed as the aggregation of pertaining paper and cardboard), plastic (assumed as the
aggregation of pertaining packaging and other plastic), textile, wood (assumed as the aggregation of
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pertaining packaging and other wood), and other (assumed as the aggregation of inert, hazardous waste,
waste electrical and electronic equipment, and residue from sorting).

Samples of us-OFRMW (from the coastal districts in PT1 and the other provincial territories from PT2 to PT5)
and bios-OFRMW (from all the provincial territories) were characterised in terms of moisture, total solids
(TS), volatile solids (VS), total Kjeldahl nitrogen (TKN), total ammoniacal nitrogen (TAN), total phosphorus
(TP), total potassium (TK), and heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn). The adopted analytical procedures
are summarised in following Section “Analytical Procedures”.

Development of the BIOENERGYus-OFRMW Scenario

The BIOENERGYus-OFRMW scenario aimed at evaluating the potential bioenergy recovery through AD from
the us-OFRMW in the Marche Region (Figure 20, left-down), as an alternative to the current aerobic biological
treatment step within the implemented MBT concept (see Figure 24 of the Supplementary Material).

BIOENERGY-IMPACTbios-OFRMW

GHG diffuse emissions recovery

| 1

| Aerobic blqloglcal bios-OFRMW Landfil Residual mgthane
treatment (Figure 24) generation
Mechanical
treatment
( Anaerobic biological treatment Biogas Bioenergy \
| (AD lines in MBT concept) 6 recovery |
| £¢ |
L
s Anaerobic biological treatment Biogas
I 2 (regional AD plants) 9 I
>
Q

| Overall impact as Overall bioenergy

—— — — —

us-OFRMW

BIOENERGYus-OFRMW

Figure 18 - Schematisation of the alternative scenarios: BIOENERGY s.orrmw (left-down, dotted line box) and
BIOENERGYIMPACTyios-orrmw (right-up, dotted line box).

To develop the BIOENERGYus-OFRMW scenario in the present time basis, starting from the amounts of RMW
processed by each provincial MBT system at the reference year 2019 and the related mass balances (see
Section 2.2), it was possible to determine the resulting amounts of us-OFRMW produced by each provincial
territory. Consequently, the estimation of the biomethane production expected through AD from the us-
OFRMW

was based on the initial assumption of a BMP of 445.6 Nm3 CH4 ton VS-1, obtained in a previous
experimental study [10] as representative of the us-OFRMW from the MT step located in one coastal district
of provincial territory PT1 (see Figure 19). Moreover, by knowing the VS and TS contents of the us-OFRMW
samples collected from the remaining coastal district in PT1 and the provincial territories from PT2 to PT5
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(see Section 2.3), the assumed BMP per VS unit was adapted to the profile of us-OFRMW produced by each
provincial territory to derive a pertaining BMP per fresh matter (FM) unit.

Given the resulting estimate of biomethane production in each provincial territory, the corresponding gross
electrical energy produced by the recovered biomethane was calculated by assuming a methane lower
heating value equal to 36 MJ Nm-3 and an electrical efficiency equal to 38% [20,21]. The related electrical
power (i.e., the parameter used to estimate the size of a feasible AD line) was obtained by dividing the gross
electrical energy by the yearly working hours of the AD line (assumed to be equal to 8200 h) [20]. The net
electrical energy, to be fed into the electricity grid [22], was derived by assuming an overall consumption to
operate the AD line and run the gas engine equal to a proportion of 9.5% of the produced gross electricity,
determined as the average value of the derivable range of 7-12% for small-scale and large-scale biogas plants
[23]. In the combined heat and power (CHP) configuration, the gross CHP energy was determined by
assuming a total energy efficiency equal to 82.5% as the average value of the reported range of 80—85% [24].
Regarding the future time basis, 2035 was chosen as the reference year, in line with its consideration as the
farthermost targeted year by the representative European framework waste legislation as amended by
directive 2018/851 [25], related to the European circular economy strategy. The following assumptions were
made to estimate the amounts of sc-OFMW and us-OFRMW that will be produced in the Marche Region at
the reference year 2035:

Per capita MW generation of 472.1 kg person-1 year-1 as the objective of reducing the generation of waste
set by the Marche’s regional waste management plan [26].

Regional population of 1,474,769 inhabitants, officially estimated (as the forecast median scenario) by the
Italian National Institute of Statistics [27].

Percentage of sc-OFMW set at 43.7% of the total regional amount of sc-MW, determined as the mean value
from 2012 to 2019.

Percentage of us-OFRMW (related to the total regional amount of RMW) determined as the mean from the
mass balances of the provincial MBT systems (see Section 2.2).

Estimate of the level of sc-MW based on the fitting procedure of the available regional levels from 2001 to
2019 [15,28] with a modified Gompertz modelling [29] purposely adapted with the following equation:

ll.9)exp{exp[ R-e (]\t)+]:|}+

11.9 (2)

%SCMW = (%SCMW max

(%SCMWmaX - 11.9)

Equation 2-

where %scMW is the level of sc-MW in the Marche Region at year t, %scMWmax is the expected upper
horizontal asymptote (set at 74.7%, as a reference based on the maximum level reached by the most virtuous
Italian region in 2019 [1]), R is the maximum increasing rate of %scMW, e is the Neper number, A is the lag
time, and 11.9 represents the resulting %scMW in the Marche Region at the selected initial year, 2001 [28].
By comparing the assumed objective of per capita MW generation in 2035 to the resulting means from 2015
to 2019 in the Marche Region (equal to 526.0 kg person-1 year-1) and in Central Italy (equal to 544.8 kg
person-1 vyear-1) [1], the expected relative decreases (calculated as [(mean2015-2019 -
objective2035)/(mean2015-2019)] * 100) would be equal to 10 and 13%, respectively, representing a
desirable effort on the waste prevention that is required by the mentioned directive 2018/851 [25]. In the
future time basis, the representative BMP per FM unit for the us-OFRMW at the regional level was assumed
as the resulting mean of the respective BMPs per FM unit derived for each provincial territory.

As a complementary evaluation of the overall potential bioenergy recovery from the whole OFMW, the
additional option of addressing the sc-OFMW to potential regional AD plants was also considered within the
BIOENERGYus-OFRMW scenario (Figure 20, leftdown). In this perspective, the following assumptions were
made for the sc-OFMW: a BMP of 445 Nm3 CH4 ton VS-1, a TS content of 22.5% FM, and a VS content of
88.2% TS as the means of the ranges of 401-489 Nm3 CH4 ton VS-1, 20-25% FM, and 85-91.44% TS,
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respectively, derivable for separately collected and source-sorted organic waste from literature indications
[30,31].

Development of the BIOENERGY-IMPACTbios-OFRMW Scenario

The BIOENERGY-IMPACTbios-OFRMW scenario aimed at evaluating the potential residual methane
generation and GHG diffuse emissions expected from the bios-OFRMW disposed of at the regional landfills
(Figure 20, right-up), in the case that the us-OFRMW continues to be treated aerobically in the existing MBT
systems located in the Marche Region (see Figure 18 and Supplementary Material Figure 24).

For the present time basis (reference year 2019), the annual amounts of bios-OFRMW destined for landfilling
in the provincial territories were obtained based on the mass balances of the provincial MBT systems (see
Section 2.2). The potential residual methane generation, intended as the total (cumulative) production from
the yearly deposited biosOFRMW that is expected to be approached exponentially during the landfill lifetime
[32,33], was derived starting from a considered BMP of 143.4 Nm3 CH4 ton VS-1, obtained in a previous
experimental study [10] performed on a sample of bios-OFRMW representative of the provincial territory
PT1 in the Marche Region (see Figure 18). Based on the resulting VS and TS contents of the bios-OFRMW
samples collected from the provincial territories (see Section 2.3), the assumed BMP per VS unit was adapted
to the profile of bios-OFRMW produced by each provincial territory to derive a pertaining BMP per FM unit.
While all the biomethane produced by the us-OFRMW in the previous scenario is destined to energy
recovery, in this alternative scenario the residual methane generation from deposited bios-OFRMW is mainly
recovered energetically but partly represents a potential environmental impact in terms of diffuse GHG
emissions (Figure 20, right-up). In particular, a volumetric methane extraction proportion of 79.2% and a
complementary volumetric methane diffuse emission incidence of 20.8% were assumed, as derived from a
multiyear (2007-2016) LFG emission monitoring study with the static, non-stationary chamber approach
[11,34] performed at one coastal landfill located in provincial territory PTI of the Marche Region (see Figure
18). To derive the overall gross electrical energy expected from the on-site conversion of the recovered LFG,
the gas engine electrical efficiency was assumed to be equal to 37% [35]. To account for the methane
component in the emitted LFG as overall GHG emission, the respective global warming potential (GWP), over
a 100-year time horizon, was set to 28 (without inclusion of climate-carbon feedback) [36].

To estimate the bios-OFRMW production expected at the regional level in the future time basis (reference
year 2035), an average mass balance of the regional MBT systems (see Section 2.2) was considered. In the
future time basis, the representative BMP per FM unit for the bios-OFRMW at the regional level was assumed
as the resulting mean of the respective BMPs per FM unit derived for each provincial territory.

Analytical Procedures

The moisture and TS contents were determined by drying at 105 C, while the VS content was determined by
loss-on-ignition at 550 °C. The TKN and TAN contents were determined following the analytical method
established for wastewater sludge [37]. The TP content was determined via inductively coupled plasma
optical emission spectrometry [38,39]. The TK and heavy metal contents were determined through a
pretreatment based on microwave digestion [38], followed by an analysis with inductively coupled plasma
mass spectrometry [40].
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Results
Mass Balances of the Provincial MBT Systems

Table 15 shows the resulting mass balances of the provincial aerobic biostabilisation MBT systems located in
the Marche Region. Concerning the final outputs in each provincial MBT system, the prevailing component
was represented by the os-RMW, followed by the targeted bios-OFRMW.

Output PT1 PT2 PT3 PT4 PT5 Regional Mean .

Table 15 - Resulting
0s-RMW (% RMW) 781 61.0 691 646 640  67.36 mass balances of the
metal (% RMW) 00 15 003 01 03 0.39 provincial aerobic
bios-OFRMW (% RMW) 133 281 254 279 255 240 biostabilisation MBT
leachate/aqueous liquid waste (% RMW) 0.0 0.0 3.02 0.0 1.1 0.8 systems in the
process losses (% RMW) 8.6 9.4 245 74 9.1 7.4 Marche Region and
total (% RMW) 100 100 100 100 100 100 related regional
us-OFRMW (% RMW) 21.9 375 30.9 353 35.7 323 means

Interestingly, the resulting levels of the final output represented by the os-RMW and the intermediate output
represented by the targeted us-OFRMW were evaluated in the association with the screen size of sieving in
the MT step of the respective provincial MBT systems. In particular, as illustrated in Figure 21, a strong inverse
correlation in the association of the os-RWM with the screen size of sieving was revealed by the obtained
correlation coefficient (r) value of -0.826; concurrently, a strong positive correlation in the association of the
us-OFRMW with the screen size of sieving was revealed by the obtained r value of 0.821 [41]. Regarding the
mutual comparison of the MT steps in PT1 and PT3 (with resulting higher os-RMW and lower us-OFRMW
levels, respectively, in PT1 than in PT3: see Figure 21 and Table 15), it should be observed that the sieving in
PT3, although characterised by a lower screen size (45 mm), was preceded by a double system of shredding
(see Table 24 of the Supplementary Material). Instead, only a bland shredding preceded the sieving in PT1
presenting a higher screen size (48 mm, as the representative mean from the coastal and inland districts)
(see Table 24 of the Supplementary Material).
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Figure 19 - Mass balances of the provincial aerobic biostabilisation MBT systems in the Marche Region: resulting levels of os-RMW
and us-OFRMW versus corresponding screen sizes of the sieving step.
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Representative Compositional Characteristics of the RMW

Figure 22 displays the resulting compositions of the RMW in the provincial territories of the Marche Region
and as a regional mean. On the regional average (Figure 22f), the overall organic component represented the
highest compositional level (equal to 30.8%) in the RMW: at the individual provincial territories, the incidence
of the overall organic component in the RWM ranged from 21.0% in PT4 (i.e., the least populated provincial
territory in the Marche Region [1]: Figure 22d) to 43.0% in PT2 (i.e., the most populated provincial territory
in the Marche Region [1]: Figure 22b). For the remaining fractions, the resulting incidences in the RMW were,
on the regional average (Figure 22f), in the following decreasing order: plastic (ranging from 10.0% in PT4 to
21.5% in PT5, with a regional mean of 16.6%), diaper (ranging from 7.5% in PT1 to 29.3% in PT4, with a
regional mean of 13.6%), paper/cardboard (ranging from 7.1% in PT4 to 18.7% in PT3, with a regional mean
of 12.7%), other (ranging from 1.0% in PT1 to 25.5% in PT4, with a regional mean of 11.7%), textile (ranging
from 3.8% in PT3 to 16.0% in PT2, with a regional mean of 7.3%), metal (ranging from 1.5% in PT4 to 5.0% in
PT5, with a regional mean of 3.4%), wood (ranging from 0.8% in PT4 to 4.4% in PT3, with a regional mean of
2.5%), and glass (ranging from 0.4% in PT2—PT4 to 2.3% in PT1, with a regional mean of 1.4%).
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Paper/cardboard,
12.1

Glass, 0.4
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Plastic, 12.5 8.1

(a, PT1) (b, PT2)
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Figure 20 - Resulting compositions of the RMW in the provincial territories (PTs, (a—e)) of the Marche Region and as a regional
mean (f).
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Representative Physico-Chemical Characteristics and BMPs of the us-OFRMW and bios-
OFRMW

The analytical data on the physico-chemical characteristics of the investigated us-OFRMW and bios-OFRMW
from the provincial territories in the Marche Region are reported in Tables 16 and 17, respectively.

Provincial Territory PT13 PT2 PT3 PT4 PT5
Moisture (% FM) * 42.66 36.45 41.41 38.42 51.01
TS (% FM) 1 57.34 63.55 58.59 61.58 48.99
VS (% TS) * 46.33 49.55 61.23 41.97 55.80
TKN (g kg TS™) ¢ 7.74 22.97 17.07 23.55 8.37
TAN (g kg TS™1) 1 0.75 0.42 1.03 2.24 1.32
TP (gkg TS™Y) ! 2.01 1.04 0.81 6.22 0.94
TK (g kg TS™1) 1 3.84 1.50 4.25 6.52 2.83
Cd (mg kg TS™1) 1 0.16 0.00 0.00 0.00 0.00
Cr (mg kg TS™Y) 13.941 73.431 34.142 16.242 0.001
Cu (mg kg TS™Y) 40.801 136.381 2651.191 81.202 81.652
Ni (mg kg TS™%) 5391 15.742 17.07 2 16.242 0.001!
Pb (mg kg TS™) 5.441 31.472 22.761 162.392 0.001!
Zn (mg kg TS7Y) 417.971 3252.031 1018.381 1553.531 571.5572

Table 16 - Representative physico-chemical characteristics of the us-OFRMW from the provincial territories in the Marche Region.

Provincial Territory PT1 PT2 PT3 PT4 PT5
Moisture (% FM) * 25.19 17.00 37.44 36.99 13.73
TS (% FM) 1 74.81 83.00 62.56 63.01 86.27
VS (% TS) * 49.67 26.10 60.01 70.09 45.10
TKN (g kg TS™) ¢ 17.15 7.05 15.98 16.82 23.18
TAN (g kg TS™1) 1 0.50 1.19 5.56 2.84 0.47
TP (gkg TS™)? 2.05 2.17 1.47 2.30 2.20
TK (g kg TS™1) 1 6.79 5.18 2.58 3.20 1.60
Cd (mgkgTS™) ¢ 0.53 0.00 0.00 0.00 0.00
Cr(mgkg TS™1) 23.771 1596.391 95.912 31.742 57.961
Cu (mgkgTS™)? 123.98 566.27 378.30 7279.27 367.06
Ni (mg kg TS™%) 17.081 698.801 255.752 31.742 23.182
Pb (mg kg TS™) 21.581 131.331 303.712 63.48 2 11.59?2
Zn (mg kg TS™Y) 217.841 638.551 7885.76 1 2920.17 2 7519.031

Table 17 - Representative physico-chemical characteristics of the bios-OFRMW from the provincial territories in the Marche Region.
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Table 16 fell within the range of 0.5-2.2 g kg TS-1 reported in the literature for the mechanically sorted
organic fraction of RMW [30]. The resulting regional mean (equal to 3.79 g kg TS-1) of the TK contents in the
us-OFRMW from all the provincial territories (Table 16) was close to the value of 4.26 g kg TS-1 obtained for
a mechanically recovered organic fraction [31]. Finally, comparing the resulting heavy metal contents in Table
16 in each provincial territory, Zn showed the highest level in four provincial territories (PT1, PT2, PT4, PT5),
while Cu presented the highest level in the remaining provincial territory (PT3).

Regarding the bios-OFRMW, the moisture contents from PT1-PT4 (Table 17) resulted within the range of
13.78-42.80% FM derivable for aerobically stabilised organic fractions of RMW from literature indications
[44,45], while the moisture content from PT5 (Table 17) remained practically at the lower limit of this range.
The VS contents in the bios-OFRMW from PT1, PT3, and PT5 (Table 17) were within the range of 29.30—
63.67% TS derivable for aerobically stabilised organic fractions of RMW from literature indications [43,44],
while the VS contents in the bios-OFRMW from PT2 and PT4 (Table 17) were close to the lower and upper
limits of this range, respectively. The TKN contents in the bios-OFRMW from all the provincial territories
(Table 17) fell within the range of 6.8—26 g kg TS-1 for total nitrogen derivable for biologically stabilised
organic fractions of RMW from literature indications [46,47].

The TP contents in the bios-OFRMW from all the provincial territories (Table 17) were within the range of
0.9-3.77 g kg TS-1 derivable for aerobically stabilised organic fractions of RMW from literature indications
[45,48]. The TK contents in the bios-OFRMW from PT1-PT4 (Table 17) were within the range of 2.10-23.71 g
kg TS-1 derivable for aerobically stabilised organic fractions of RMW from literature indications [45,49], while
the TK content in the bios-OFRMW from PT5 (Table 17) remained below the lower limit of this range. As
found in the us-OFRMW, Zn showed in Table 3 the highest content among the analysed heavy metals in the
prevailing number of provincial bios-OFRMW (from PT1, PT3, and PT5), while Cr and Cu presented in Table 3
the highest contents in the bios-OFRMW from PT2 and PT4, respectively. Indeed, comparative conditions
with Zn, Cr, and Cu presenting the largest amounts among the detected heavy metals in aerobically stabilised
organic fractions of RMW were similarly revealed in the literature [46,50,51].

Interestingly, the direct comparison between the respective provincial us-OFRMW (Table 16) and bios-
OFRMW (Table 17) revealed mutual decreases in the moisture content: on the regional average, the relative
reduction (calculated as [(moistureus-OFRMW - moisturebios-OFRMW)/(moistureus-OFRMW)] * 100]) was
equal to 38% (given the resulting regional mean moistures of 41.99 and 26.07% FM, respectively). In general,
decreases in moisture and VS contents could be indicative of progress in a typical aerobic biodegradation
process [10,52]. Concerning the VS content, mutual decreases between us-OFRMW (Table 16) and bios-
OFRMW (Table 17) appeared for PT3, PT5, and PT2, with resulting relative reductions (calculated as [(VSus-
OFRMW - VSbios-OFRMW)/(VSus-OFRMW)] * 100) equal to 2, 19, and 47%, respectively. Indeed, the
influence of heterogeneity in materials such as the mechanically separated OFRMW should be considered
[2,43,46]. In particular, the presence of non- (i.e., plastic and rubber) or not readily (i.e., paper/cardboard)
biodegradable volatile matter, generally occurring in the mechanically separated OFRMW, may mask the
actual biogenic VS reduction obtained by the aerobic biological treatment [2,43,45,53]. In this regard, it
should be considered that plastic, diaper (which is expected to be primarily made of polymers, including
cellulose, polypropylene, polyester, and polyethylene [54]), and paper/cardboard fractions presented, on
average, relevant incidences in the RMW of the Marche Region (see Section 3.2 and Figure 22f): even
individually in PT4, diaper represented the highest compositional level in the respective RMW (see Figure
22d). Moreover, the influence of the procedure (in this study) of sampling at the same time both the us-
OFRMW and bios-OFRMW, rather than sampling the same input material along the biological step, could also
be expected [46].

Based on the VS and TS contents in Tables 16 and 17 and the adopted experimental BMPs per VS unit (see
Sections 2.4 and 2.5), the derived BMPs per FM unit for the us-OFRMW and bios-OFRMW from each
provincial territory are reported in Table 18. As shown in Table 18, the us-OFRMW from each provincial
territory presented a higher BMP than the respective bios-OFRMW,; the resulting relative differences
(calculated as [(BMPus-OFRMW - BMPbios-OFRMW)/(BMPus-OFRMW)] * 100) ranged from 45% in PT4 to
78% in PT2. Finally, based on the respective provincial values in Table 18, the resulting regional means of
131.1 Nm3 CH4 ton FM-1 for us-OFRMW and 51.5 Nm3 CH4 ton FM-1 for bios-OFRMW constituted the
representative BMPs in the elaboration of the future time basis of the
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BIOENERGYus-OFRMW and BIOENERGY-IMPACTbios-OFRMW scenarios, respectively (see Sections 2.4 and
2.5).

us-OFRMW bios-OFRMW

PT1 118.4 53.3
PT2 140.3 311
PT3 159.9 53.8
PT4 115.2 63.3
PT5 121.8 55.8

Table 18 - Derived BMPs per FM unit for the us-OFRMW and bios-OFRMW from each provincial territory in the Marche Region.

! Mean of three determinations; % Individual determination.

The moisture contents in the us-OFRMW from PT1, PT3, and PT5 (Table 16) resulted within the range of 40—
57.85% FM derivable for mechanically sorted organic fractions of RMW from literature indications [42,43],
while the moisture contents in the us-OFRMW from PT2 and PT4 (Table 16) were close to the lower limit of
this range. The VS contents in the us-OFRMW from PT2, PT3, and PT5 (Table 16) were within the range of
47.15-65.9% TS derivable for mechanically sorted organic fractions of RMW from literature indications
[2,44], while the VS contents in the us-OFRMW from PT1 and PT4 were close to the lower limit of this range.
The TKN contents in the us-OFRMW from PT2, PT3, and PT4 (Table 16) were within the range of 11.2-34 g
kg TS—-1 derivable for mechanically sorted organic fractions of RMW from literature indications [30,42], while
the TKN contents in the us-OFRMW from PT1 and PT5 (Table 16) resulted below the lower limit of this range.
Except for PT4, the TP contents in the us-OFRMW from the remaining provincial territories

Resulting BIOENERGYus-OFRMW Scenario

Table 19 shows the resulting amounts of the us-OFRMW and the related potential bioenergy recovery in the
provincial territories of the Marche Region at the present time basis (reference year 2019). At the whole
regional level, the production of the us-OFRMW amounts to about 70,000 ton year-1 (Table 19). In the
Marche Region, the alternative anaerobic biological treatment of the us-OFRMW would provide 4.35 MWel
of electrical power, a gross and net electrical energy production of 35.68 and 32.28 GWh year-1, respectively,
and a gross CHP energy recovery of 77.46 GWh year-1 (Table 19).

Provincial Territory/ Total us-OFRMW Biomethane Gross Electrical Electrical Power (MW.) Net Electrical Energy  Gross CHP
(ton year-) Production Energy (GWh year™) Energy Recovery
-1
(Nm3year-?) (GWh year~) (GWh year-?)
PT1 11,268 1,334,160 5.07 0.62 4.59 11.01
PT2 25,997 3,647,362 13.86 1.69 12.54 30.09
PT3 12,159 1,943,819 7.39 0.90 6.68 16.04
PT4 7822 901,132 3.42 0.42 3.10 7.43
PT5 12,826 1,562,152 5.94 0.72 5.37 12.89
Marche Region 70,072 9,388,625 35.68 4.35 32.28 77.46

Table 19 - BIOENERGY ys.orrmw SCeNario, present time basis: resulting amounts of the us-OFRMW and related potential bioenergy
recovery through AD in the provincial territories and the whole Marche Region.

Interestingly, by comparing (Table 20) the potential bioenergy recovery through AD from the us-OFRMW to
representative electrical energy production sources in the Marche Region [55], there would be a positive
contribution of 1.8% and, particularly, 24.4% on the gross electrical energy productions from renewable
sources and bioenergy, respectively; moreover, the positive contribution on the regional gross
thermoelectric (CHP) energy production would be equal to 8.0%. The further comparison of the expected
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regional net electrical energy production from the us-OFRMW to electrical energy consumptions by
representative regional sectors [55] reveals, in Table 20, alternative shares ranging from 1.3% in the
manufacturing industry to 30.8% in the public offices.

Comparison to Energy Production or Consumption us-OFRMW

Contributions on regional electrical energy production sources [55]

Gross electrical energy (see Table 19) on:

- regional gross electrical energy production from renewable sources (%) 1.8
- regional gross electrical energy production from bioenergy (%) 24.4
Gross CHP energy recovery (see Table 19) on regional gross CHP energy production (%) 8.0

Alternative shares in regional electrical energy consumptions by representative sectors [55]

Net electrical energy (see Table 19) in:

- regional electrical energy consumption by agriculture (%) 28.5
- regional electrical energy consumption by manufacturing industry (%) 1.3
- regional electrical energy consumption by commercial sector (%) 5.7
- regional electrical energy consumption by public offices (%) 30.8
- regional electrical energy consumption by health service (%) 26.3
- regional electrical energy consumption by public lighting (%) 19.1
- regional electrical energy consumption by hospitality sector (%) 10.1
- regional electrical energy consumption by domestic sector (%) 2.1

Table 20 - BIOENERGY s.orrmw SCENArio, present time basis: comparison of the potential bioenergy recovery through AD from the
us-OFRMW to electrical energy productions and consumptions in the Marche Region.

As shown in Table 19, the resulting electrical powers in four provincial territories (PT1PT3 and PT5) refer to
the capacity category of large-scale biogas plants (2500 kWel [23]), while the resulting electrical power in the
remaining provincial territory (PT4) falls within the capacity category of small-scale biogas plants (<500 kWel
[23]). For the present time basis, a reasoned location of the potential AD lines for the bioenergy recovery
from the us-OFRMW was assessed based on two alternative approaches. In the first approach displayed in
the left map (a) of Figure 23, all the provincial territories were maintained as the zones of influence for MW
management; then, the AD lines were properly placed in areas already designed for MW treatment (which
for PT1 is indicatively set in one of the coastal districts). Instead, the second approach aimed at reaching an
overall economy of scale (in terms of expected capital and operation costs [56]) by implementing solely large-
scale AD lines. In particular, as displayed in the right map (b) of Figure 23, the provincial territory PT4 was
properly grouped with the adjoining provincial territory PT5; then, for this combined zone of influence, the
single AD line (with a cumulative electrical power of 1.14 MWel) may be located alternatively in one of the
two provincial territories.

In accordance with the complementary evaluation (see Figure 20, left-down) at the present time basis, if the
provincial sc-OFMW streams were also treated through AD, the aggregation of the potential bioenergy
recovery from both the us-OFRMW (see Table 19) and sc-OFMW (Table 26 of the Supplementary Material)
would raise the overall regional performances (in terms of electrical power, gross and net electrical energy,
and gross CHP energy recovery) to the respective levels displayed in Table 27 of the Supplementary Material.
Consequently, as shown in Table 28 of the Supplementary Material, the overall positive contributions on the
regional gross electrical energy productions from renewable sources and bioenergy [55] would raise to 6.0%
and even 79.6%, respectively; moreover, the overall positive contribution on the regional gross CHP energy
production [55] would raise to 26.2%. As further shown in Table 28 of the Supplementary Material, the
overall net electrical energy production from both the us-OFRMW and sc-OFMW would raise the resulting
shares in regional energy consumptions [55] to the increased range from 4.3% in the manufacturing industry
to full coverage in the public offices.
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Figure 21 -. BIOENERGY ys.orrmw SCENArio, present time basis: reasoned location of the potential AD lines for the bioenergy recovery
from the us-OFRMW in the Marche Region in accordance with (a) the maintenance of all the provincial zones for MW management
and (b) an overall economy of scale.

In the future time basis (reference year 2035), the combination of the assumed containment of regional
population and per capita MW generation (see Sections 2.1 and 2.4) and a certain increase in the level of sc-
MW (estimated to be equal to 74.6% based on the strong fit with the modified Gompertz modelling displayed
in Figure 25 of the Supplementary Material, with a resulting high value of the R2—coefficient of
determination—of 0.990 [41]) would reduce the estimated regional amount of the us-OFRMW (shown in
Table 22) as compared with the generated amount in the present year 2019 (see Table 19). Consequently,
the estimated regional performances of the potential bioenergy recovery through AD from the us-OFRMW
in the future year 2035, shown in Table 22 in terms of electrical power, gross and net electrical energy, and
gross CHP energy recovery, would be reduced compared with the respective levels in the present year 2019
(see Table 19), with resulting individual relative decreases (calculated as [(performance2019 -
performance2035)/(performance2019)] * 100) equal to 20.2%. Indeed, as shown in Table 22, a regional
electrical power of 3.47 MWel would still be provided in 2035, which ideally corresponds to zonal means of
0.69 and 0.87 MWel related to the maintenance of the provincial zones of MW management (Figure 23a) or
to the optimised zones (Figure 23b), respectively. Both average conditions fall within the category of large-
scale biogas plants (=500 kWel [23]).

us-OFRMW
Amount (ton year™?) 57,132
Biomethane production (Nm3year?) 7,490,751
Gross electrical energy (GWh year™?) 28.46
Electrical power (MW,) 3.47
Net electrical energy (GWh year~?) 25.76
Gross CHP energy recovery (GWh year™?) 61.80

Table 21 - BIOENERGYus-OFRMW scenario, future time basis: estimated amount of the us-OFRMW and related potential
bioenergy recovery through AD in the whole Marche Region.
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In the complementary evaluation at the future time basis, due to the estimated increase in the level of sc-
MW, the expected regional performances of the potential bioenergy recovery through AD from the sc-
OFMW, shown in Table 29 of the Supplementary Material in terms of electrical power, gross and net electrical
energy, and gross CHP energy recovery, would present individual relative decreases limited to 5.9%
compared with the present year 2019 (see Table 26 of the Supplementary Material). Finally, the overall
regional performances in 2035, expected from the aggregation of the potential bioenergy recovery from both
the us-OFRMW and sc-OFMW, are provided in Table 30 of the Supplementary Material.

Resulting BIOENERGY-IMPACTbios-OFRMW Scenario

Table 22 shows the resulting amounts of the bios-OFRMW and the related proportions of overall bioenergy
recovery and impact as GHG diffuse emissions from the deposited bios-OFRMW in the provincial territories
of the Marche Region at the present time basis (reference year 2019). At the whole regional level (Table 23),
the bios-OFRMW amounts to about 51,600 ton year-1, with an expected overall bioenergy recovery as gross
electrical energy (during the landfill lifetime) limited to 7.07 GWh; concurrently, the overall impact in terms
of landfill GHG diffuse emissions would consist in about 10,000 ton CO2 eq., resulting in 195 kg CO2 eq. per
ton of deposited bios-OFRMW.

g:;;\llw Residual Landfill Overall Bioenergy as Overall Impact as GHG
.Provincial ton Biomethane Gross Electrical . -
Territory/Total year—[1]) Generation ! (Nm3) Energy (GWh) Diffuse Emissions
(ton COz eq.)

PT1 6843 364,746 1.07 1522

PT2 19,48 605,838 1.78 2527

PT3 9995 537,708 1.57 2243

PT4 6183 391,354 1.15 1633

PT5 9161 511,19 1.50 2133
Marche Region 51,662 2,410,836 7.07 10,058

Table 22 - BIOENERGY-IMPACTios-0rrmw SCENArio, present time basis: resulting amounts of the bios-OFRMW and related
proportions of overall bioenergy recovery and impact as GHG diffuse emissions from the deposited bios-OFRMW in the
provincial territories and the whole Marche Region.

In the future time basis (reference year 2035), the combination of the assumed containment of regional
population and per capita MW generation (see Sections 2.1 and 2.4) and a certain increase in the level of sc-
MW (see Section 3.4) would reduce the estimated regional amount of the bios-OFRMW to be deposited
(shown in Table 24) as compared with the resulting amount at the present year 2019 (see Table 23).
Consequently, the estimated overall bioenergy recovery and impact as GHG diffuse emissions, shown in
Table 24, would be lower compared with the respective levels at the present year 2019 (see Table 23), with
resulting individual relative decreases (calculated as [(bioenergy/impact2019 - bioenergy/impact2035)/
(bioenergy/impact2019)] * 100) limited to about 9%.

bios-OFRMW
Amount (ton year™1) 42,451
Residual landfill biomethane generation (Nm3) 1 2,184,514
Overall bioenergy as gross electrical energy (GWh) 6.40
Overall impact as GHG diffuse emissions (ton CO; eq.) 9113

Table 23 - BIOENERGY-IMPACTpios-orrmw SCeNario, future time basis: estimated amount of the bios-OFRMW and related proportions
of overall bioenergy recovery and impact as GHG diffuse emissions from the deposited bios-OFRMW in the whole Marche Region.
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Discussion

The physico-chemical characteristics (in terms of moisture, VS, TKN, TP, TK) of the investigated us-OFRMW
and bios-OFRMW from the provincial territories in the Marche Region were mostly in line with or close to
the literature data on the mechanically sorted and aerobically stabilised organic fractions of RMW,
respectively (see Tables 16 and 14 and Section 3.3). Similarly, the resulting partitions in terms of the largest
contents of heavy metals in the investigated bios-OFRMW were noticed in the literature for aerobically
stabilised organic fractions of RMW (see Table 17 and Section 3.3). Thus, the studied provincial MBT systems
in the Marche Region appeared to be representative examples of the aerobic biostabilisation variation of the
MBT concept.

Interestingly, the elaboration and comparative evaluation of the mass balances for the provincial MBT
systems in the Marche Region revealed the influence of sieving size (and, eventually, also of optimised
shredding) in the MT step on the resulting quantitative partition between the os-RMW and the targeted us-
OFRMW (see Figure 21 and Section 3.1). At the reference year 2035 of the future time basis, the assumed
regional mean of 32.3% as the mass balance level for the us-OFRMW (see Table 15 and Section 3.1) would
be close to the regional level of 30.8% for the overall organic component in the RMW (see Figure 22f and
Section 3.2). This resulting condition of similar levels reflects the desirable effort in the coming years to
harmonise and optimise the MT steps in the provincial MBT systems of the Marche Region in order to
perform an effective separation of the organic fraction in the undersize streams.

At the present time (reference year 2019), the potential diversion of the us-OFRMW to alternative AD steps
within the regional MBT concept, in accordance with the application of the BIOENERGYus-OFRMW scenario
(see Section 3.4), could supply an electrical power of 4.35 MWel in the whole Marche Region (see Table 19),
thus representing a renewable option of net electrical energy production (see Table 19) potentially available
to contribute to cover electrical energy consumptions by representative regional sectors (see Table 20).
Eventually, a limited reorganisation of the existing zones of influence for MW management in the Marche
Region (see Figure 23b) could allow for the implementation of related AD lines that would result in the
favourable capacity category of large-scale biogas plants. On the contrary, if the current RMW management
in the Marche Region continues to be applied, in accordance with the BIOENERGY-IMPACTbios-OFRMW
scenario (see Section 3.5), an overall impact of about 10,000 ton CO2 eq. as GHG diffuse emissions during
the lifetime of landfills is expected from the regional bios-OFRMW deposited at the present year, 2019 (see
Table 23). Moreover, the concurrent overall gross electrical energy of 7.07 GWh, which is expected during
the lifetime of landfills from the bioenergy recovery of the regional bios-OFRMW deposited in 2019 (see
Table 23), would represent a limited share (19.8%) of the yearly gross electrical energy of 35.68 GWh year-1
from the alternative valorisation through AD of the us-OFRMW (see Table 19). This resulting comparative
condition points out two relevant and linked aspects: (1) the intrinsically contained bioenergy potential of a
biostabilised organic residue (as the bios-OFRMW) compared with the initial untreated organic residue (as
the us-OFRMW) [10], which is mathematically confirmed in this study by the resulting relative differences in
the respective BMPs of Table 18 (see Section 3.3); and (2) the different temporal scales generally expected
to reach a similar degree of biodegradation in landfills (decades) compared with AD plants (days) [57,58].
At the future time (reference year 2035), a reduction in the potential bioenergy recovery through AD from
the us-OFRMW would be expected in the whole Marche Region due to reasonable assumptions on the
containment of regional population and per capita MW generation and a moderate increase of the regional
level of sc-MW (see Section 2.4 and Figure 25 of the Supplementary Material): nevertheless, an electrical
power of 3.47 MWel could still be guaranteed (see Table 22). On the long-term scale (from 2019 to 2035)
considered in this study, the expected total beneficial effects of implementing the bioenergy recovery
through AD from the us-OFRMW in the Marche Region are clearly shown in Table 31 of the Supplementary
Material.

With a synergic MW management approach in the Marche Region, the potential bioenergy recovery through
AD from the us-OFRMW could be complementarily integrated by a similar anaerobic biological treatment of
the sc-OFMW in regional facilities (see Tables 26, 27, 28 and 29 of the Supplementary Material). The resulting
aggregation of the expected net electrical energy productions from the potential bioenergy recovery of both
organic streams would considerably increase the overall contribution to cover electrical energy
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consumptions by representative sectors in the Marche Region at the considered present time basis (see Table
28 of the Supplementary Material).

Finally, the feasibility of implementing an AD step within a biostabilisation MBT system is indicated by some
full-scale MBT facilities including AD, documented in the literature, with operative locations in France [59,60],
Germany [61], Poland [62], Spain [45,59], and the UK [63,64]. Moreover, a similar interest in implementing
an MBT scheme including AD is documented in the literature for a municipal case-study area in another
Mediterranean country, such as Greece [65].

Conclusions

Two alternative scenarios were elaborated and evaluated in this study to investigate the management of the
organic fraction of RMW in the Marche Region (Central Italy) on a long-term period (from the present time
basis in 2019 to the future time basis in 2035).

Possible developments of this study could cover the extension of experimental BMP tests to the us-OFRMW
and bios-OFRMW from all the provincial territories in the Marche Region, together with additional organic
residues of interest at the regional level (including the components of the complementary sc-OFMW from all
the provincial territories). Finally, the overall data obtained in the study could be properly exploited through
a life cycle assessment.
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Figure 22 - Synthetic representation of the overall MW management in the Marche Region.

Provincial Territory

Mechanical Treatment

Aerobic Biological Treatment

Bland shredding
(to tear bags)

Bio-oxidation
(in biocontainers connected to an air intake

Sieving by rotating trommels system)
PT1 (screen sizes of 40 mm in the inland district and Curing
one coastal district, and of 50-80 mm in (in static biocells aerated from the bottom)
the other coastal district, with a representative [whole biostabilisation time of at least 14
provincial mean of 48 mm) days]
Shredding Biostabilisation
PT2 Magnetic separation Sieving (in static biocells aerated from the bottom)
(screen size of 80 mm) [biostabilisation time of 10 days]
Bland shredding Initial bio-oxidation
(to tear bags) (in slow rotating, horizontal cylinder with
PT3 Fast rotating shredding forced aeration)
Magnetic separation Accelerated biO-OXidation
size of 45 mm) [whole biostabilisation time of 14 days]
Bland shredding ) o
Biostabilisation
(to tear bags) L . .
. . (in biocells with turning cochleae and forced
PT4 Magnetic separation .
Sieving by di aeration from the bottom)
leving y' IS¢ screen [biostabilisation time of 28-30 days]
(screen size of 80 mm)
continue on next page
continue from previous page
PT5 Magnetic separation BIand(to tear bags shredding)
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Sieving by rotating trommel (screen size of 80 mm) [biostabilisation time
of 30 days] aeration from the bottom)

Table 24 - Representative characteristics of the aerobic biostabilisation MBT systems located in the Marche Region.

Step of the Procedure Synthetic Description
The initially collected amount of RMW (about 3-4 ton) is placed on a flat,
concrete surface (protected from sun, wind, and rain) to form a circular heap

Heaping and removal of with a thickness of about 0.5-0.6 m. Possible bulky materials are

possible bulky materials removed and individually weighed and set aside in accordance with the
following main categories: glass, inert, metal, paper/cardboard, textile, and
wood.

The heap is divided in four parts, two of them (at the opposite sides) are
removed; the remaining two parts are mixed and assembled to form another
. circular heap. This quartering operation is repeated until a

Quartering residual amount of about 200 kg of the heap is reached. The half of this last
heap, accounting for around 100 kg, is used as the representative sample of
RMW for the further steps.

A rectangular box sieve (typical side dimensions of 1 * 2 m) with a 20-mm mesh

is used.

In accordance with the material categorisation adopted by the
Environmental Protection Agency of the Marche Region, the following
fractions or sub-fractions are globally investigated: cardboard, diaper, glass,
green waste, hazardous waste, inert, kitchen waste, metal -

Manual sorting and packaging, metal - other, paper, plastic - packaging, plastic - other, textile, waste
weighing electrical and electronic equipment, wood - packaging, wood - other, residue
from sorting, and fines. Each material fraction or sub-
fraction is manually sorted (with the exclusion of fines), progressively
accumulated into a dedicated plastic box (with individual tare of 1.5 kg), and
finally weighed (by using a proper electronic scales).
In this study (see Sections 2.3 and 3.2), the following aggregations of specific
sub-fractions were considered: metal (assumed as the aggregation
of pertaining packaging and other metal), organic (OFRMW, assumed as the
aggregation of pertaining green waste, kitchen waste, and fines),
Compositional percentages by paper/cardboard (assumed as the aggregation of pertaining paper and
mass cardboard), plastic (assumed as the aggregation of pertaining packaging and
other plastic), wood (assumed as the aggregation of pertaining
packaging and other wood), and other (assumed as the aggregation of inert,
hazardous waste, waste electrical and electronic equipment, and residue from

Screening

sorting).

Table 25 - Sequential procedure adopted to conduct the compositional analyses of the RMW streams addressed to the provincial
aerobic biostabilisation MBT systems in the Marche Region.

L. A Gross A Net Gross CHP
Provincial Biomethane K Electrical R
. sc-OFMW . Electrical Electrical Energy
Territory / Production Power
Total (ton year-1) (Nms yeara) Energy (MWe) Energy Recovery
syear (GWh year.1) ¢ (GWh year1)  (GWh year-)
PT1 60,753 5,364,477 20.39 2.49 18.45 44.26
PT2 66,433 5,866,004 22.29 2.72 20.17 48.39
PT3 53,293 4,705,795 17.88 2.18 16.18 38.82
PT4 24,361 2,151,120 8.17 1.00 7.40 17.75
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PT5 36,321 3,207,186 12.19 1.49 11.03 26.46
Marche
Region

241,161 21,294,582 80.92 9.88 73.23 175.68

Table 26 - Complementary evaluation in the BIOENERGYus.orrmw SCeNario, present time basis: resulting amounts of the scOFMW
and related potential bioenergy recovery through AD in the provincial territories and the whole Marche Region.

us-OFRMW + sc-OFMW

Gross electrical energy (GWh year-) 116.6
Electrical power (MWel) 14.23

Net electrical energy (GWh year-1) 105.51
Gross CHP energy recovery (GWh year-1) 253.14

Table 27 - Complementary evaluation in the BIOENERGYus.orrmw SCENario, present time basis: resulting aggregation of the potential
bioenergy recovery through AD from the us-OFRMW (see Table 5) and sc-OFMW (see Table 26) in the whole Marche Region.

Comparison to Energy Production or Consumption ussc'c”:RMW-OFMW *
Contributions on regional electrical energy production sources [55]
Gross electrical energy (see Table 27) on:
- regional gross electrical energy production from renewable sources (%) 6.0
- regional gross electrical energy production from bioenergy (%) 79.6
Gross CHP energy recovery (see Table 27) on regional gross CHP energy production (%) 26.2

continues on next page
continues from previous page

Alternative shares in regional electrical energy consumptions by representative sectors [55]

Net electrical energy (see Table 27) in:

- regional electrical energy consumption by agriculture (%) 93.2
- regional electrical energy consumption by manufacturing industry (%) 4.3

- regional electrical energy consumption by commercial sector (%) 18.7
- regional electrical energy consumption by public offices (%) 100.7
- regional electrical energy consumption by health service (%) 85.9
- regional electrical energy consumption by public lighting (%) 62.5
- regional electrical energy consumption by hospitality sector (%) 32.9
- regional electrical energy consumption by domestic sector (%) 6.8

Table 28 - Complementary evaluation in the BIOENERGYus.orrmw SCENario, present time basis: comparison of the aggregation of
the potential bioenergy recovery through AD from the us-OFRMW and sc-OFMW to electrical energy productions and
consumptions in the Marche Region.
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Figure 23 - BIOENERGYus.orrmw Scenario, future time basis: resulting estimate of the level of sc-MW in the reference year 2035
based on the modified Gompertz modelling (see Section 2.4).

sc-OFMW
Amount (ton year-1) 226,961
BFigureiomethane production (Nms year-1) 20,040,614
Gross electrical energy (GWh year-1) 76.15
Electrical power [MWei] 9.29
Net electrical energy (GWh year.1) 68.92
Gross CHP energy recovery (GWh year-1) 165.34

Table 29 - Complementary evaluation in the BIOENERGYus.orrmw Scenario, future time basis: estimated amount of the scOFMW
and related potential bioenergy recovery through AD in the whole Marche Region.

us-OFRMW + sc-OFMW

Gross electrical energy (GWh year-1) 104.61
Electrical power (MWel) 12.76

Net electrical energy (GWh year-1) 94.68
Gross CHP energy recovery (GWh year-1) 227.14

Table 30 - Complementary evaluation in the BIOENERGYus.orrmw Scenario, future time basis: resulting aggregation of the potential
bioenergy recovery through AD from the us-OFRMW (see Table 7) and sc-OFMW (see Table 29) in the whole Marche Region.

67



Representative yearly assumptions

Representative gross electrical energy (GWh year-1) in 2019-2035 1 32.07
Representative net electrical energy (GWh year-1) in 2019-2035 1 29.02
Representative gross CHP energy recovery (GWh year-1) in 2019-2035 1 69.63
Representative avoided CO:2 eq. diffuse emissions (ton CO:2 eq.) from the bios-OFRMW that would 9586
be alternately deposited in each year from 2019 to 2035
Beneficial effects

Long-term period (from 2019 to 2035) (year) 17

Total gross electrical energy from 2019 to 2035 (GWh) 545

Total net electrical energy from 2019 to 2035 (GWh) 494
Total gross CHP energy recovery from 2019 to 2035 (GWh) 1184

Totally avoided CO: eq. diffuse emissions (ton CO2 eq.) 162,962

1 Mean of the respective regional values at the present (2019: see Table 19) and future (2035: see Table 21)
time basis; - Mean of the respective regional values at the present (2019: see Table 22) and future (2035:
see Table 23) time basis.

Tab 31 - BIOENERGYus.orrmw Versus BIOENERGY-IMPACTbios.orrmw Scenario: expected beneficial effects of the potential bioenergy
recovery through AD from the us-OFRMW on the long-term scale (from 2019 to 2035) in the whole Marche Region
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6.3. Waste disposal during COVID-19 pandemic in Marche, Italy: volume and cost
generated per capita.

Introduction

More than a year after March 11, 2020, when WHO declared the COVID-19 pandemic [1], the spread of the
disease has led to over 396 million confirmed cases, including more than 5.7 million deaths all over the world
[2]. Although vaccine effectiveness is helping to manage pandemic consequences, by reducing deaths and
hospitalizations and, therefore, decreasing the burden on our health system [3,4], there are still some threats
causing concern for health authorities such as the emergence of new and more contagious variants [5] and
administration of vaccines mainly in high- and upper-middle-income countries, leaving the poorest ones
without protection offered by vaccination [6]. Furthermore, pandemic is not only changing our lifestyles, by
affecting our health and economy, but is also impacting on the environment, with both positive and negative
results. On the one hand, PM2.5 and NO2 concentrations reduced in China and in other countries with
positive temporary effects on public health; on the other, increased solid waste generation and reduced
recycling programs may produce medium- or long-term negative effects (Zambrano-Monserrate et al., 2020).
However, although pandemic has spread without sparing any country, the effect on waste production varies
widely and depends mainly on the local context: Municipal Solid Waste (MSW) from major industries and
schools, usually responsible for large amount of garbage, has reduced for their closure imposed by
lockdowns, while household, medical, and agricultural wastes increased [8,9]. Moreover, in tourist cities, the
production of MSW dropped because of the travel restrictions and the reduction in commercial activities
[10]. In Sao Paulo, for example, it has been observed the lowest domiciliary solid waste collection over 11
years and an increase in recyclable collection [9]. In Italy in March 2020, the production of MSW in Trento
was 18.5% lower than the average in March over the last 10 years, mainly from restaurants and production
activities [11]. Instead, the increased waste production can be explained by the frequent use of face masks
and changes in our lifestyle such as in-home cooking increase and online shopping [12]. Furthermore, many
countries, like Italy, managed waste generated at home during quarantine or isolation as WHO advised [13]
by stopping recycling and packing garbage all together regardless of its nature, that must be completely
closed before disposal and eventual collection by municipal waste services [14,15]. Correct management of
MSW and the use of PPE (Personal Protective Equipment) during collection and handling process is an
essential part of the strategy to contain the pandemic since the permanence of SARS-CoV-2 on surfaces pose
a risk of infection for MSW operators exposed to contaminated waste [11]. A systematic review conducted
on the effects and repercussions of MSW management during COVID-19 pandemic found that the
widespread use of PPE, single-use dish or cup, and home delivery services caused a significant rise in plastic
and fiber-based MSW [12].

Although many studies have focused on the general impact of pandemic on MSW production and have
identified some influencing factor (i.e., activity and school closure, modified lifestyles, etc.), it has not yet
been investigated a possible relationship between the production of MSW and the number of people
subjected to quarantine or isolation and, more generally, the possible role played by pandemic waves in the
production of MSW. A similar analysis was performed for medical waste, and it has been found that there is
a lagged and non-linear relationship between treated medical waste disposal and the number of new tests
performed and that they are slightly bimodal. Large waves of biomedical waste being disposed were
observed every 1000th test mark. [16]. A direct correlation between the number of infected individuals and
the daily quantity of hospital wastes produced was also observed in Tehran [17]. After all, it is well known
that medical waste has increased since the pandemic started: many cities report a large increase of medical
waste generated in hospitals, especially using PPE [18]. However, quantity trend of medical waste produced
doesn’t always follow the same pattern of MSW. For example, in Hubei Province, China, where the pandemic
started, the amount of MSW in large- and mediums sized cities has reduced by 30%, but the generation of
medical waste, both infectious and non-infectious, has increased by more than 370% [19].
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Aim of our study is to investigate the MSW production related to the number of people in quarantine or
isolation in the Marche region, a small district in the central area of Italy, and to evaluate the effects of waste
disposal on the cost during COVID-19 pandemic.

Material and Methods

This study analysed all waste comes from residential areas, nursing homes and long-term care facilities in
which the subjects were placed in isolation, due to having positive SARS-CoV-2 nasal/oropharyngeal swab
test, or under quarantine, due to having close contact with persons with confirmed COVID-19, in the Marche
Region during 2020 [20,21]. The MSW generated was combusted at waste-to-energy plants without any
preliminary treatment.

People placed in quarantine or isolation at their home or care facility were recorded in a database by the
Regional Health Service (RHS) along with domicile address. The total Marche population in 2020 was obtained
from the National Institute of Statistics (ISTAT, 2020).

Kilograms of waste, produced by isolated/quarantined (1Q) people, was registered in the cadastre by the
Regional Environmental Protection Agency; the costs of COVID-19 waste management and disposal activities
(collection, transportation and processing) for each municipality was provided by Local Environmental
Managers.

The 2.3% of waste (kg) had missing data in costs; the average value of complete data was used to estimate
missing data.

Waste collection costs concerned mainly the equipment, vehicles, personal protective equipment, sanitation
treatments, waste collection and disposal Kit; waste transportation referred the movement from local
collection centre to Waste-To-Energy (WTE) plant and the processing costs referred garbage treatment
process at WTE facility.

For whole region, the average kilograms of waste and management costs per |Q person/day was estimated
along with average cost per ton.

Results and Discussion

During 2020, the 8.3% of the Marche population was under IQ in their home or care facility, with an average
period of 17 days (Table 24).

A total of 1,761 tons of COVID-19 waste was produced by IQ subjects; the average volume of waste was 14.1
kg per IQ and 0.8 kg per 1Q per day.

Total costs associated with waste management were estimated at 4,625,029 euros. The main activity was
waste collection with 90% of total cost; transportation and processing were, respectively, 5% and 6%.

The average cost per ton was 2,627 euros and 37 euros per 1Q subjects during their period of isolation or
quarantine (Table 25).

All our analyses are referred to unsorted waste production of 1Q subjects located in their private homes or in
retirement/nursing homes and long-term care facilities. The mean value of waste-to-energy assignment
resulted to be 0.8 kg for each IQ subjects/day with a total of 14 kg considering the quarantine period. This
result is lower to a comparable one from a pre-pandemic period, since in 2018 production of MSW in our
country resulted to be 499 kg/resident per year [15] resulting into a 1.37 kg for each resident/year. This lower
amount of production is confirmed if compared to the MSW production in our region Marche in 2018 that
resulted to be a 531 kg corresponding to a 1.45 kg/resident per year of MSW production [15]. Even if in terms
of absolute values there is an evident reduction of MWS production for IQ people, it must be highlighted
how, especially in our region, the amount of separate waste collection has progressively increased reaching
peak of 68.6% in 2018 and 70.3% in 2019 [15] of the total waste produced. These quotes are inevitable lost
for the total amount of MSW coming from 1Q objects, since regional and national guidelines give explicit and
mandatory guidelines to not collect this kind of wastes but to treat them as general mixed waste. In terms of
pollution and environmental damage this is an important to reflect on showing a possible indirect harmful
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side effect of COVID-19 pandemic. Our data are in accordance with study from Ragazzi M et al. showing how
in municipality of Trento the amount of waste selectively collected (t/month) was significantly lower during
the period of hard lockdown [11].

An interesting aspect is also linked to general costs sustained to administrate MSW generated by IQ subjects:
our data shows how, for a mean quarantine period of 17 days, the cost of MSW of an IQ subject it has been
estimated to be 37 euros. Looking at annual mean cost of MSW in our country and focusing on our region in
2019, it’s possible to find out a total of 175.79 and 167.70 euros each resident/year respectively, then
resulting in 8.19 euros, at national level, and 7.81 euros, at regional level, of cost for a 17-day period [15].
This difference could be explained due to particular kind of procedures adopted by regional waste disposal
services to treat MSW generated by IQ subjects that must be considered as infected and potentially infectious
material. Both these elements require particular attention in terms of vehicles sanitization, using of personal
protection equipment (PPE) like gloves, masks, special suits to safely dispose the 1Q wastes. Moreover, a
special packaging must be prepared to adequately isolate infected material until the delivery to the
incineration plant facility. At beginning of pandemic, the National Institute of Health (NIH), one of the main
organizations in our country in terms of disease prevention, published detailed procedures for waste
operators that can be time consuming and consequently more expensive [23]. For example, NIH recommends
undressing at the end of the work shift like removing non-disposable work glove, removing safety shoes,
removing overalls without shaking clothes. Moreover, the NIH recommends that waste operators carry out
the following procedures: the cleaning of overalls and work clothes, minimizing the risk of dispersing the
virus in the air (no shaking of clothes) by washing them at a temperature of at least 60°C, using common
detergents and disinfectant products that do not alter the high visibility characteristics of clothing needed
for the job; the replacement of non-disposable work gloves, due to the difficulty of sterilizing them, whenever
the operator reports that he/she has handled a broken and/or open bag; sanitizing and disinfecting the
driver's cab of the vehicles used for the collection of MSW after each work cycle, paying particular attention
to the fabrics (e.g., seats), where the virus is able to persist. It obvious how these legit procedures may
influence final cost of IQ MSW disposal, considering that must be performed at each singular residency
building of 1Q subjects.

Our findings are in in agreement with other national [11] and international studies [24] that found how
COVID-19 pandemic have deeply changed waste production, management, and cost. Moreover, this study
it’s the first in our region reporting MSW production produced by IQ subjects and the first at national level,
to our knowledge, to compare actual cost of IQ waste management with a pre-pandemic time period.

Conclusions

The COVID-19 pandemic disrupted the municipal essential services, including municipal solid waste
management [25]. In terms of waste disposal our data highlight how COVID-19 pandemic consequences may
go beyond the acute outbreak phase. The interruption of recycling system and the increased management
cost for MSW of 1Q subjects can project their consequences on environment and welfare system of a region
in the short- and long-term future.

A recent study taken in some cities of our region [26], has revealed that to canalize MSW derived from IQ
subjects to the waste to energy plants, compared to the traditional Mechanical Biological Treatment followed
by landfill disposal management, has resulted into an energy recovery that has improved the environmental
impact, even if the recycling system for those MSW was lost.

An urgent change of approach is needed to face MSW COVID-19 related, considering possible new “waves”
of Sars-Cov-2 or even new pandemic scenario due to new viruses. Some authors tried to assess
environmental impacts of emergency scenarios for the management of COVID-19 medical waste but more
studies are needed [27]. These new strategies need to be continued even at the post pandemic period to
reduce the environmental impacts and health risks. Numerous efforts are underway to minimize the waste
management problems associated with an increased volume of MSW and solid medical waste experienced
by many jurisdictions during the COVID-19 pandemic [25].
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This approach must be declined from a national to a regional level, adapting better strategies and solutions
also considering specific several kinds of geographical, social, and environmental scenarios that local
administrations face. Therefore, a continuous and bidirectional communication between national institutions
and on-site decision policy makers must be implemented and maintained among next years.

Isolated/Quarantined

Pop. Total Waste (Kg) K
g per Kg per
Prevalence Total days Average days Q 1Q*day-1
1,501,406 1,760,870 124,991 8.30% 2,091,549 17 14.1 0.8

Note: IQ, Isolated/Quarantined subject

Table 32 - COVID-19 waste (kg) per IQ/day. Marche (ltaly) during 2020.

Total Euros per ton Euros per 1IQ*day-1 Euros per 1Q during 2020
4,625,029 € 2,627 € 2.20€ 37.00 €

Note: 1Q, Isolated/Quarantined subject

Table 33 - COVID-19 waste (Euros) per 1Q/day. Marche (Italy) during 2020.
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Figure 24 — Municipal production of waste from affected and quarantined people during 2021.
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6. Conclusions

The main feature of this Thesis is its particular common thread, which can be found in a geographical area
connected with the availability of data relating to the production and management of urban waste.

The research covered 3 years and the subjects studied were part of a wider investigation activity, mainly
conducted as co-supervisor of 5 undergraduate students and a PhD student.

The issues investigated are in line with my ordinary working activity at the Regional Environmental Protection
Agency of the Marche Region (ARPAM) where | deal with the collection and processing of data on the
production and management of urban and special waste.

Specifically, | am the manager and administrator of the waste flows database of the Region. This position
allows me to have a direct access to primary data.

In this role | recently organized waste analysis campaigns at the request of the Marche Region in order to
study the composition of unsorted waste and to verify the quality of the separate collections of plastic, glass,
paper, organic and multi-material packaging.

These data have always been used for internal and external communication, without further investigations
and elaborations. In addition, no mathematical use of the data cross-referenced with the waste management
and production databases was performed before the beginning of the PhD activity.

Therefore, during the three years research activity data relating the regional waste production and
composition were combined with those on their management, an innovative approach as regards Marche
Region. This represents the added value of these studies.

Waste composition analysis is an important tool even though it is often neglected and underestimated;
however, it is certainly a method in which few resources are invested compared to the knowledge it can
provide.

In the first example here presented the issue of still edible wasted food was investigated. A sub-category was
created with respect to the kitchen organic waste (intended as food waste from preparation activities)
containing slightly deteriorated food disposed in the unsorted waste rather than consumed. This is one of
the few examples of a study on still edible food waste that starts from the “grave” (the municipal waste) and
not from surveys and interviews. The most direct way to quantify the still edible wasted food in unsorted
collection is to weigh the amount of food contained in the trash

In the second case study, surveys were applied to multilayer packaging material to quantify the mass of
packaging not recovered and disposed in landfills without being intercepted by the separate collection of
paper and cardboard.

This method represents a practical procedure for quantifying the materials dumped and compare them with
the quantities recovered for which the amounts are available. In fact, for each sorted waste fraction
collection, Italian data reporting system expects to have real weights, but as regards the possibility of dividing
the undifferentiated waste into specific weights for each category, there is only the possibility of estimating
them with a waste composition analysis.

Likewise, the same method was used to estimate the quantity of cigarettes and butts sent to landfill, creating
a specific sub-category including the object of the analysis corresponding to this type of waste.

Finally, the composition analysis method was applied to the unsorted waste entering the mechanical-
biological treatment plants by summing the various categories of waste into two large macro-categories
(waste with an organic component and the non-organic one) to verify how a treatment plant divides the two
flows.

Subsequently, the method was also applied downstream of the mechanical treatment to verify that the
crusher / screener was able to correctly separate the two flows. Following these estimates, a specific study
carried out in collaboration with the University of Urbino proceeded to calculate the biomethane production
potential in the organic waste stream deriving from mechanical treatment of the unsorted waste. The
production of biomethane was calculated through a statistical and laboratory analysis, in order to establish
whether the application of an anaerobic process dedicated to the organic fraction derived from unsorted
collection rather than separate collection could give rise to the development of power from waste treatment.
All these cases of application confirmed that the product analysis method is useful and fundamental and
assumes the importance of a macro chemical analysis in which the objects that have become waste are
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categorized according to a criterion of similar constituent chemical compounds: the organic material present
in food and base of biological organic compounds; materials derived from petroleum and related products,
such as plastics and rubbers mainly used as packaging; cellulosic materials used as graphic paper and
cardboard packaging; inorganic materials such as packaging glass or demolition aggregates; organic materials
such as packing wood, etc.

The important value of this study therefore becomes the demonstration that a composition analysis
corresponds to a sort of chemical macro-analysis by category of similar compounds or materials.

In the same way, a further added value of the study was to find methods of data analysis to verify the
management of waste in a homogeneous portion of the territory for the availability of data, in order to
replicate the studies carried out also in more extensive geographical areas. In the case of still edible wasted
food this was done by extending the results from the regional territory to the entire Country. The same could
be done for the other fields of study.

Finally, the latest studies carried out on the management of particular waste categories concerned 2 "new"
waste categories originating from particular environmental conditions that have never occurred before on
this scale: waste generated by the removal of rubble from seismic events (strong tremors hit the Region in
2016, as never happened before) and infected waste collected from utilities where people affected by COVID-
19 syndrome lived, during 2020 and 2021.

In this last 2 case studies we focused on emergency situations that have created new types of waste or large
guantities of already existing waste categories, well beyond the usual production. Therefore, in this case it
was important to analyse the mass flows in order to react promptly to future similar situations.

In conclusion, the topics examined in the study relating to the production and management of particular
categories of urban waste, although they have been carried out in a geographical area corresponding to a
single region, can be replicated as a model on a national scale and beyond. The study is the demonstration
that the waste composition analysis tool is a characterization at a macro-chemical level (for categories of
similar substances and materials) useful for understanding the nature of the waste aimed at improving its
management.
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