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Abstract

The methodology for the characterization of residual municipal solid waste (RMSW) is available since decades. Some
modifications have been introduced in order to modernize it. Now, in order to take into account the targets of the circular
economy, an additional effort must be made to be sure of generating the right information suitable for the optimization of
municipal solid waste in that frame. In that perspective, the Authors present a few proposals in order to avoid mistakes and to
deepen the reliability of the data generated during the analysis performed to classify the residual municipal solid waste in
fractions. A new model of characterization is thus proposed, suitable for planning waste management in the frame of the circular
economy principles.
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1. Introduction

In the last decades, the characterization of Municipal Solid Waste (MSW) in the European Union has shown a
remarkable evolution in terms of efforts made from the local management Authorities in zooming on its
composition. In the same time, the increase of the rate between collected MSW and generated MSW, today very
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close to 100% in the best managed regions, simplified the efforts in assessing the quantities produced: indeed, the
collected streams can be easily weighted. The growing reliability of information has positive implications on the
design of the MSW treatment plants [1-3]. For that reason, the present paper focuses mainly on the methodology of
MSW characterization, specifically on the characterization of the residual MSW (RMSW) that is the waste
remaining after source separation. It must be pointed out that source separation (also named selective collection, SC)
is compulsory in the European Union (EU) thus the methodology must see beyond the present needs of information
in a region, looking at the need of a good planning for the expected scenarios of MSW management, necessarily
based on high efficiency of SC. Only through a deep knowledge of the waste streams a sustainable management of
waste can be performed. Before analyzing the methodology of RMSW characterization it is important to clarify what
is MSW in the EU [4-8]. In practice, we must consider four main subcategories to understand what MSW is:

e Household generated waste (the household waste)

e  Waste generated out of domestic building but similar to it (the assimilable waste)

e Bulky waste generated at urban level

e  Waste from street sweeping

This paper will consider the methodology related to the characterization of the first two sub-categories, because
they are the most important for a correct planning of the management of MSW. These two categories are collected
according to the principles of SC; thus, they can be easily characterized when we deal with source separated streams
(paper, glass, etc.) but they include also the fraction of RMSW whose characterization is crucial for a correct
management of MSW [5,9-11]. Just to understand, an overestimation of few percentage points of the energy content
of RMSW in a small region where a waste to energy plant must be constructed (e.g. an incinerator with energy
recovery) can give an extra cost in its implementation that can account million Euros. It is clear that a reliable
methodology for RMSW characterization is compulsory in the sector of engineering and management. In spite of
that, the history of the sector showed an underestimation of the problem, with limited efforts (also from the
economic point of view) when a RMSW characterization had to be performed. As an example, the literature has
shown a trend in the number of fractions taken into account decade after decade but even recently the number of
fractions taken into account is often around ten, with limited information for a good MSW management planning in
the key of a circular economy perspective [9].

If we consider the target of the circular economy [12] we shall see that we must accept as adequate a
characterization based even over 20 fractions and sub-fractions (a fraction is a class of material like paper, glass,
etc.).

2. Critical analysis of the basic characterization

We can consider basic characterization the one referring to the following steps that can be reconstructed from the
studies reviewed by Goetze [9]:
e Selecting a pathway representative of an area of RMSW generation
Selecting a day representative of RMSW generation
Selecting the fractions to be characterized in percentage
Selecting additional parameters of the fractions to be characterized
Preparing a site for the fractions characterization
Preparing the tools for the fractions characterization
Preparing the team for the fractions characterization
Collecting an amount of RMSW representative of that area
Analyzing the results in terms of fraction percentages
Managing the additional laboratory analyses
The present paper analyzed critically the conventional approach in order to put forward some considerations to
enhance it.
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2.1. Selecting a pathway

Typically, the choice of this pathway is made thanks to the existing expertise of the local company managing the
MSW collection; it is clear that in a context like the one of EU this company is always present. What is not clear is
how to avoid mistakes in this choice, as the approach of the local company is more technical than scientific. In order
to help the selection of this pathway, a support can come from the analysis of orthophotos (taken from aircrafts and
post-processed) as this analysis allows classifying the urbanized territory according to homogeneous criteria.

2.2. Selecting a day

In the EU, the working days are typically from Monday to Friday (apart from specific sectors). Thus, the
collection of MSW can be affected from the weekend on Monday. It is a good choice to select a central day (e.g.
Wednesday) for the collection of the representative sample, obviously if this day is far from specific holidays. Early
hours must be exploited for an easier collection; to this concern, time must be saved as much as possible because the
following analysis needs many hours and must be performed within the day of collection.

2.3. Selecting the fractions

In this paragraph, each fraction of potential interest is discussed in order to understand its relevance in the frame
of an adequate characterization of RMSW. The adequacy is related to the generation of information suitable to an
optimized management of MSW through the knowledge of the contents of RMSW. The relationship depends on the
fact that RSMW composition can point out the amount (in percentage) of recyclable materials that the SC strategy
cannot yet separate. Merging this information with the amount of RMSW generated and with the characterization of
the streams of SC (in terms of materials and weights), it is possible to assess the percentages of source separation for
each material (fraction) of interest. This information allows decision makers to verify if SC is evolving well or not.
Recent experiences in EU have shown percentages of SC for specific fractions that can overcome 90%. As an
example, in Italy the SC of glass, green waste and wood in the Trentino region (North of Italy) overcome 90% each,
since 2013 [13]. In the frame of circular economy, it is important to know in details the streams of materials that can
be recovered by MSW. In previous/present scenarios when landfill was/is dominant (and/or incineration was/is
dominant) the level of knowledge about the composition of MSW was not so important because, at the end,
landfilling could solve the consequences of an approximate planning.

Household and urban non-household food waste are present together in the RMSW. That is a limitation of
information if a food waste SC of only restaurants, canteen and markets is planned as a first step of source separation
of this stream. In this case an additional study is needed to know data suitable to design the collection system. This
double step can be useful in regions where there is no tradition in SC and the population must know gradually this
option. A part of food waste can be so fragmented to be classified as a generic fine fraction (undersieve). The
management of this problem (loss of information) is discussed in another section of this document.

Green waste generation is strongly seasonal thus a characterization once by year can be critical. In case of
presence of an anaerobic digester in the area, the collection of significant amounts of woody waste with kitchen
waste is not compatible because of the troubles that the digester could have (not compatible with lignin, present in
woody material). In this case, domestic composting should be promoted to avoid co-collection of food waste and
green waste. These restrictions apply for cases of significant generation of woody green waste like in private
gardens. Public gardens can be managed independently from the presence of an anaerobic digester as in these areas
only woody waste and grass are collected (no food waste is co-collected). Summing up, green waste must be always
present as fraction of a RMSW characterization in EU. The way of performing correctly SC of green waste is
sensible to the local context.

Paper and cardboard moisture can be affected by the presence of wet fractions in the RMSW. Thus, it is
important to characterize this parameter locally in order to avoid mistakes generated by literature data. The
importance to keep separated the cardboard stream is related to the higher commercial value of this cellulosic
material compared to paper.



ElenaCristina Rada et al. / Energy Procedia 119 (2017) 72-85 75

The interest of managing sub-fractions of glass related to colors (white, green, brown) is limited because it is
easier for a citizen to deliver mixed glass and to take advantage on the automatic sorting that optic pre-treatments at
a glassware can guarantee.

The importance to get information on the presence of aluminium depends on the high value of this metal.
Generally, the limitation to its SC is related to the cost of collection that could not counter balance the value of
collected aluminium in case of small amounts available in the MSW.

The importance to get information on the presence of ferrous materials depends on the good value of this metal,
generally present in significant amounts that can cover the costs of collection giving also a gain, depending on the
market.

A sub-fraction of other metals must be known to close the mass balance of metals. A recycling way should be
found also for mixed metals in the vision of the circular economy approach.

Light packaging is a complex category that can be sub-classified in many ways (according to the polymers,
according to the rigidness of the material, etc.). The proposed classification is related mainly to the pathways of
material valorization.

e PET: this is the plastic with the highest value in the market of recycling

e HDPE: this is a plastic with a good value in the market of recycling

e PVC: this plastic should not be sent to combustion for keeping low the environmental impact of its

valorization (PVC contains Chlorine in its molecule, thus it can be a potential generator of dioxin when
combusted)

o Other light packaging: this sub-fraction must be known to close the mass balance. A recycling way should

be found also for mixed packaging in the vision of the circular economy approach.

The fraction wood is not the woody waste present in the green waste. This fraction refers to end of life wood
products coming from household buildings or from similar urban activities (e.g. toys, public offices, etc.).

Typically, in the RMSW studies, fextiles are considered together. In reality, in this case two sub- categories must
be taken into account for a correct characterization of the overall waste: natural fibers and artificial fibers. The
importance of knowing their presence separately is related to the biodegradability of their volatile solids (natural
fibers are biodegradable, artificial fibers are not biodegradable).

The importance of the knowledge of the presence of leather is related to the biodegradability of their volatile
solids (even if slowly biodegradables).

The importance of the knowledge of the presence of waste from electric and electronic equipment (WEEE) is
related to the non-biodegradability of their volatile solids (from plastics), to the dangerousness of their heavy metals
and on the fact that all of them should not be present in the RMSW: a dedicated pathway of collection (at the selling
points) is activated in well organized systems. An indicator aimed to assess the management of MSW should
consider this presence in the RMSW as a demonstration of inefficiency.

Similarly to WEEE, the importance of the knowledge of the presence of exhausted batteries is related to the non-
biodegradability of their volatile solids (from plastics), to the dangerousness of their heavy metals and on the fact
that all of them should not be present in the RMSW as a dedicated pathway of collection is activated in well
organized systems.

The importance of the knowledge of the presence of expired medicaments and of contaminated containers is
related to the fact that all of them should not be present in the RMSW as a dedicated pathway is activated in well
organized systems.

The fraction inert is not the one from significant civil works of construction/rehabilitation. They are the ones
generated from domestic (or assimilable) activities. The importance of the knowledge of their presence is related to
the fact that they are not combustible and not biodegradable.

A mixed waste fraction should be avoided at the end of the classification of the sample of RMSW, thanks to a
careful classification that should locate each piece into a fraction depending on the most relevant material. The
presence of this sub-fraction could be taken as a sort of indicator of presence of materials in the area not designed for
recycling (because not classifiable in specific fractions).

The importance of the knowledge of the presence of rubber is related to its energy content.
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The importance of the fraction diapers is growing in EU as in case of high efficiency of SC of conventional
fractions, their percentage in the RMSW becomes high. In such a situation, they deserve a specific strategy in order
to avoid landfilling.

Undersieve is generated by the use of a sieve with a mesh of 20 mm. The original idea in the sector was related to
the presumed impossibility to separate fines. The growing attention to the quality of MSW characterization opened
to new approaches. In some cases, the approach evolved towards the introduction of an additional sieve with a finer
mesh: 10 mm; that cannot be considered adequate as the additional information cannot be fully exploited (materials
are still aggregated). The most interesting solution was checked in Trentino [13] where the RMSW characterization
analyses are made with a reclassification of the undersieve into inert and food-waste-like, that can be added to their

respective fractions.

In Table 1 an overview of the criticalities is presented.

Table 1. Proposed fractions for the characterization of RMSW and criticalities/remarks or proposals (the proposals at high originality in the sector
of MSW characterization are marked in bold; the proposals relevant for the development of an efficiency indicator are marked in italics)

Fractions and sub-fractions

Criticalities/remarks

Proposals

Organic*

Green waste

Paper

Cardboard

Glass

Metals: Aluminium
Metals: Ferrous materials
Metals: other

Light packaging: PET
Light packaging: HDPE
Light packaging: PVC

Light packaging: other

Wood

Textiles: natural fibres

Textiles: synthetic fibres

Leather
WEEE

A part of food waste is lost in the fines during the
classification of RMSW

Lignin in woody waste can be critical in case of treatment in
anaerobic digesters

Moisture can vary a lot, case by case, because of the
interaction with the wet fractions

Moisture can vary a lot case by case because of the
interaction with the wet fractions

It is usually collected in mixed colors

This fraction has a high value

This fraction has a good value

Other metals can be suitable as input in industrial processes
This fraction has a high value on the market

This fraction has a good value on the market

This fraction can cause a significant environmental impact
from combustion

They can be suitable as input in industrial processes
(possibly not combustion, in the perspective of circular
economy)

The importance of the knowledge of their presence is related
to their energy content.

The importance of knowing their presence separately is
related to the biodegradability of their volatile solids.

The importance of knowing their presence separately is
related to the non-biodegradability of their volatile solids.

It contributes to the biodegradability of the waste

It should be found absent in the RMSW as a dedicated
pathway of collection is activated in well organized systems

Use the term “organic*” (with a star) as sum of
food waste and the percentage of undersieve (<
20 mm) that can be classified food-waste-like;
keep this last information available for future
checks

Keep always separated from organic when
classifying RMSW

Generate always local data of moisture for
paper in RMSW

Generate always local data of moisture for
cardboard in RMSW

Keep the color mixed: the recycling plants
can easily separate them by optic systems

Keep this information available
Keep this information available
Keep this information available
Keep this information available
Keep this information available

Keep this information available

Keep this information available

Keep in the list

Keep separated from synthetic textiles

Keep separated from natural textiles

Keep in the list

An indicator aimed to assess the
management of MSW must consider its
presence in the RMSW as a demonstration of
inefficiency of the collection system.



Hazardous: exhausted
batteries

Hazardous: expired
medicaments

Hazardous: contaminated
containers

Inert*

Mixed waste

Rubber

Diapers

Undersieve
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It should be found absent in the RMSW as a dedicated
pathway is activated in well organized systems

It should be found absent in the RMSW as a dedicated
pathway is activated in well organized systems

It should be found absent in the RMSW as a dedicated
pathway is activated in well organized systems

At present, it is not valorized, but it could become an input
of an industrial process in the perspective of the circular
economy

It should be zero thanks to a careful classification that can
locate each piece into a fraction depending on the most
relevant material.

The importance of the knowledge of their presence is related
to their energy content.

Relevant in percentage in RMSW where selective collection
is high for other materials

An indicator to assess the management of
MSW must consider this presence in the
RMSW as a demonstration of inefficiency of
the collection system.

An indicator to assess the management of
MSW must consider this presence in the
RMSW as a demonstration of inefficiency of
the collection system.

An indicator to assess the management of
MSW must consider this presence in the
RMSW as a demonstration of inefficiency of
the collection system.

Use the term “inert*” (with a star) as sum of
inert and the percentage of undersieve (< 20
mm) that can be classified inert; keep this last
information available for future checks

This fraction must be taken as indicator of
presence of materials in the area not
designed for recycling.

Keep this fraction in the list

It can be object of source separation aimed to a
specific treatment when citizens are already
used to conventional selective collection

Its presence does not make sense for decision maker
requirements

It must be re-classified in organic (food-waste-
like) or inert depending on its content

2.4. Selecting additional parameters

After the analysis of the fractions in a representative sample characterizing an area, the typical sequence of

analyses for a detailed characterization of each fraction is as follows:

e  Get a representative sample of 3-4 kg by a quadrant analysis (create a pie with the fraction to be reduced in
weight, remove two opposite quadrants and go on with the remaining amount of waste, replicate the method
until remaining with 3-4 kg)

e Send the 3-4 kg sample to a laboratory

Get the initial weight W; of the sample

Use a lab dryer at 103°C to evaporate the moisture; the run could last 2 hours but the waste has a

hygroscopic behavior, thus a more representative value of the final weight of the dried sample, W, can be

obtained after a few hours.

Calculate the percentage of moisture M%: M% = (Wi - Wd) / Wi [%]

Calculate total solids, TS, named also dried matter, as 1 - M%

Divide the dried sample into two sub-samples and weight them

Put one of the dried samples into a lab oven, after getting its weight (Wd1) where to perform a combustion at

600°C

e  Get the final weight Wb of the sample after burning and define that as ash, named also non-volatile solids,
NVS, or ash

e Calculate the percentage of combustible matter, volatile solids, VS, named also organic matter: VS% = (Wdl
- Wb)/ Wdl [%]

e  Ask to the laboratory to analyse the second sub-sample of weight Wd2 to characterize the percentage of Corg,
H, O, Norg, Sorg-

e To obtain the value of Lower Heating Value (LHV), two ways are available:

o Use the Dulong formula (multiple sources of literature are available)
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o In alternative, use the Mahler Bomb obtaining LHV through HHV

o There are some criticalities in the presented approach:
¢ No information on biodegradability is suitable by this approach (a part of VS is not biodegradable)
e The Dulong formula has strong approximations:

o In spite of being a good way to model the waste, the Dulong formula has a limit in the reliability of the
coefficients that should be specific for each fraction; on the contrary in the literature no one detailed them
depending on the fraction (possibly for cost reasons as such a research will need a high number of
determinations).

o After a treatment, the coefficients should change as the structure of the material changes, but the literature
does not detail it, demonstrating that the approximation of the Dulong formula is out of control.

The Biochemical Methane Potential (BMP) is an additional parameter suitable to characterise biomass, the
organic, either alone or mixed in the RMSW, in term of suitability for biogas generation [14]. The interest concerns
the case where an anaerobic digestion reactor is a first step before composting from source separated food waste or
the case where an anaerobic pre-treatment of RMSW is planned before landfilling (the anaerobic pre-treatment of
RMSW before landfilling is not common but still present in the sector: the difficulties of this approach are related to
the management of the anaerobic process because of the impurities in the input). BMP can be considered an
additional parameter interesting for decision makers. BMP refers to 4 weeks of biogas generation in laboratory, thus
it needs time. For that reason, an original method based on the respirometric index (RI) to reduce the laboratory time
has been set, together with other Authors, as alternative to conventional BMP [15-17]. BMP can be assessed
according to the following principle, applicable to one of more fractions:

BMP = f(RI) [lcna kgvs'l] or [1(;1-14 kgRMsw"l]

Details on the role of RI for the proposal of an enhanced characterization of MSW are presented in another
section of this article.

2.5. Preparing a site for the characterization

In this case the risk of generating unreliable data is related to the difficulties of guaranteeing an analysis
performed in a site where the meteorological condition does not affect the results and where a smoothed surface
avoids the interaction between the analyzed sample and the ground (with potential contamination of inert). It is clear
that in most of the EU Countries, the investment in MSW analyses can be adequate to guarantee the compliance of
the above-described requirements, but in extreme cases (e.g. countries just entered into the EU; regions with a lower
income; lack of expertise) the risk of affecting the results, because of an inadequate site of analyses, is real.

2.6. Preparing the tools for the characterization

The following tools are needed at the site of analysis:

e Adequate containers (labelled) for placing the pieces of each fraction when a 250 kg sample is remained to
be analyzed, as a result of a quadrant analysis (pie based) starting from 4 tons; these containers must be at
least of the number of the selected fractions to characterize; this does not seem a criticality.

e  Adequate individual protections (not critical in the EU).

e An oversieve with a mesh of 20 mm. This can be critical from many points of view; indeed, the methodology
asks to classify only the pieces having a characteristic dimension making impossible to cross the oversieve
surface; the fact that the mesh is squared and is often preferred to 20 mm circular holes can introduce
potential mistakes in the selection. Apart from that, it has been demonstrated [13] in the practice that the
undersieve is rich in biodegradable material (similar to food waste) and the rest is generally inert. Thus, the
20 mm can be confirmed in form of hole, but something must be improved in relation to the high percentage
of undersieve that in some cases can be found. A proposal to improve the detail of the overall analysis
managing the undersieve has been discussed in this article.
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2.7. Preparing the team for the characterization

Often during the procedure of RMSW analysis, there is an underestimation of the role of the operators generally
helping a technician expert in the field. It must be underlined that the representative sample to be collected for a
specific area (typically 4 tons) must be mixed correctly and the single pieces of the fractions must be managed
carefully to be representative of the referring area. Moreover, the conventional methodology asks for a reduction of
the initial 4 tons thanks to the formation of pies of waste with progressively reduced height: 0.6, 0.3, 0.25 m and
0.20 m with consequent diameter considering that the initial amount must be reduced down to 2 tons, 1 ton and 0.5
tons by the extraction of two opposite quadrants each time. Additionally, the presence of bulky waste (where this
stream is not correctly managed within a specific organization of collection) makes it necessary the side
management of this waste that must be taken into account when the final percentages of fractions must be assessed.
If the team does not understand the importance of these analyses, the results could have a lower reliability. The
personal devices for the protection of the operators and of the technician in charge for the analyses does not appear a
criticality in a context in the EU because personal devices of protection are part of the common work in many
sectors.

2.8. Collecting a representative amount of RMSW

The collection must be performed by an adequate truck, as the sample is considered representative of an area if
the amount collected is around 4 tons. In a few technical reports issued in the sector, this amount is not always
reached with risky consequences on the representativeness of the sample.

2.9. Analyzing the results

In this paragraph the results in terms of percentages of fractions characterizing RMSW are discussed. A typical
problem concerns the representativeness of the digits of the percentages calculated. Some sub-fractions as exhausted
batteries may result absent if zero decimals are assumed as standard for presenting the results. Thus at least one
decimal is needed. Taking into account also the origin of the 4 ton sample, one decimal of representativeness makes
sense.

There is not the habit of take photos to illustrate the samples, thus the origin of some anomalies in the data could
not be found (e.g. a too low percentage of food waste).

If the results are related to an area where the MSW collection is not optimized, the bulky waste in RMSW can
affect the reliability of the results.

The change of the person in charge for the quadrant analysis can be critical: this aspect must be checked always.

2.10. Managing the additional analyses

This approach (MSW modelling) should be overcome in case of waste management planning because of a few
criticalities.

e The costs and limits in the representativeness of the samples aimed to know C, H, O, etc.

e The absence of adequate information on the biodegradability of the waste

e  The limited reliability of the Dulong formula

Concerning the first item, the elemental analysis can be useful in case of design of specific treatment plants: e.g.
S can be useful for assessing the maximum amount of Sulphur oxides to be managed in an off-gas treatment line of
an incinerator. Thus, the effort in generating elemental analyses of VS could be optimized after the waste
management planning stage.

A proposal for RMSW characterization is put forward in the next chapter.
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3. Proposal of RMSW characterization model

An important parameter in efficient design of treatment plants and process control of biodegradable waste
treatments is the biological stability of biomass [18]. This points out the degree to which the biodegradable organic
matter decomposes. Thus, measurement of biological reactivity has become more and more important in the sector
of MSW as it allows classification of treated and untreated MSW and derived products, prior to their disposal in
landfill or to their use (e.g. compost) on the basis of their potential impact [19]. One of the most used methods for
biological stability measurement is the respirometric index (RI), with a high interest encountered in the specialized
literature.

The present article bases a part of the proposed RMSW characterization model on the adoption of RI as parameter
suitable for generating a useful information on the biodegradability of the waste, not available in the conventional
approach.

The respirometric technique is an indirect method determining the degree to which the biomass organic fraction
decomposes, in relation to two important biochemical phenomena: the biological activity and the substrate
consumption [20]. The respirometric method is an oxidative exothermic process, operated by aerobic
microorganisms which consume oxygen with simultaneous production of water and carbon dioxide [21]. As reported
by Raviv [20], the respirometric index is the amount of oxygen consumed by microorganisms per unit of present
volatile solids and per time.

The respirometric tests, based on the oxygen consumption measurement, can be categorized as static or dynamic
methods [21,24], measurements performed in the absence (static) or presence (dynamic) of continuous aeration of
the biomass. The static methods, performed at steady volume or at steady pressure, have the disadvantage of limiting
diffusion and dispersion of oxygen in the biomass; therefore, they slow down the decomposition of the organic
fraction [22]. They must be avoided as they underestimate the RI. In dynamic systems, the continuous aeration of the
substrate guarantees an optimum oxygen concentration for the biological activity at each moment of time [16,17,
22].

Worldwide several methods for respiration index determination are adopted [16,17]. In this frame, as explained,
the dynamic method shows several important advantages, such as:

e Presence of continuous airflow during measurement which does not limit the oxygen transfer through the

biomass layer;

e Possibility of working on large amounts of samples and on full-scale particle size;

e  Opportunity of measuring the airflow rate required to degrade waste under optimal conditions.

For that reason, the here proposed method for RMSW characterization refers always to dynamic RI even if, in
short, only RI abbreviation will be used.
According to classifications found in a research study [25]:
RI above 3,000 mgO? kgys™'h™! are characteristic of fresh material and belong to class I of stability
RI over 2,000 mgO; kgvs'h! and below or equal 3,000 mgO, kgvs'h'! belong to class 11
e Rl over 1,000 mgO; kgys'h™! and below or equal 2,000 mgO» kgvs'h™! are typical of materials considered
to be in course of biological decomposition and belong to class 111

e Forclass IV, Rl is RI over 500 mgO, kgvs™'h!' and below or equal 1,000 mgO, kgys'h™! and the materials

are moderately stable

e For values below or equal 500 mgO- kgvs 'h’!, which represent the V™" class, the substrate is considered

biologically stable
Using the above approach the MSW can be seen no longer as the sum of C, H, O, N, S, moisture and ash, but
as a sum of VS of different classes, plus moisture plus ash. It must be pointed out that moisture and ash can be easily
obtained from a laboratory; VS determination needs a stove; IR determination to classify VS needs a respirometer;
in this last case, for each fraction, a unique device can generate information for classifying a parameter (VS in
different classes) in spite of asking additional 5 parameters from a laboratory (C, H, O, N, S). From the economic
point of view, the cost for an analysis of RI is lower than the sum of analyses of C, H, O, N, S in VS.

A proposal for the VS classification of the solids of each fraction can be:

e JRVS=0 non-biodegradable VS: nbVS

e 0 mgO; kgys'h! <IRys< 500 mgO; kgvs'h! slowly biodegradable VS: sbvs



e 500 mgO; kgvs'h! <IRys< 2,000 mgO; kgvs'h™!
e IRys> 2,000 mgO; kgysth!
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That must be added to:

e NVS =non-volatile solids = ash

e  Moisture = the water content of the fraction

This classification allows an aggregation of the VS, ash and moisture of each fraction in order to calculate the
classification of the overall waste, that can come from literature data or experimental data related to a specific case

study.

averagely biodegradable VS: abVSs
highly biodegradable VS: hbVS

What must be done to complete this proposal is to verify if a fraction could have a percentage of VS classifiable
in a way and the rest in another way. Some considerations can be made for each fraction, as reported in Table 2.

Table 2. VS details in the RMSW fractions. Legend: nbVS = non-biodegradable volatile solids; sbVS = slowly biodegradable volatile solids;
abVS = averagely biodegradable volatile solids; hbVS = highly biodegradable volatile solids

Fractions VS comments VS kind
Putrescibility is the main characteristics of this fraction; thus, VS is always hbVS
Organic* readily biodegradable (the * means that organic of undersieve is included because

Green waste

Paper
Cardboard
Glass
Metals

Light packaging
Wood

Textiles

Leather

WEEE

Hazardous waste

Inert*

Mixed waste

Rubber

Diapers

classificable as food-waste-like)

Depending of the area, VS of woody waste or VS of grass can prevail

The class is homogeneous thus VS are steady
The class is homogeneous thus VS are steady
VS = 0 (impurities can be neglected)

VS = 0 (impurities can be neglected)

VS are non-biodegradable (only a negligible part of plastics is presently
biodegradable, thus its role can be assumed negligible)

Lignin is characteristic giving VS slowly biodegradable

Cotton or synthetic fibres give a different VS behavior; a sub-classification is
needed

The class is homogeneous thus VS are steady

A limited presence (% in weight) of plastics makes its VS similar to the one of
plastics

Exhausted batteries: VS=0

Expired medicaments (with no packaging) would need a local characterization but
its presence could be negligible

Contaminated containers: would need a local characterization but its presence
could be negligible

0 (the * means that inert of undersieve is included)

A careful re-classification of what is not firstly classified makes it negligible the
role of this fraction

The class is homogeneous thus VS are steady

In order to know the kind of VS characterising this fraction, an original research
should be performed

abVs (grass) and sbVS (wood)

abVs
abVs
nbVS
nbVS
nbVS

sbVS
nbVS (synthetic) or sbVS (natural)

sbVS
nbVS

Negligible

nbVS
Negligible

nbVS and/or sbVS depending on the

rubber origin

nbVS, abVS and rbVS

By this way IR runs are potentially limited even to zero when the classification of the RMSW in fractions is very
detailed, containing the cost of the characterization (details on local composition of green waste, textiles, rubber and
diapers could allow avoiding analyses).

In Figure 1 the scheme of the MSW characterization is reported.
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1kgmsw |
rbvs
abVs biodegradable solids
Vs {from RI) combustible solids
shvs
(from conventional V5)
nbVS
ash
NVS
moisture H20

Figure 1 Scheme of the MSW model (valid also for a specific fraction)

We talked about the Dulong limits. Luckily, the use of LHV for each fraction is already present in the literature.
However, literature data can be wrong; indeed, what must be taken into account is:
e Organics moisture can vary significantly from region to region, thus a lab run by the Mahler Bomb is useful
e Depending of the area, woody waste or grass can prevail giving a different energy content to the fraction; a
lab run by the Mahler Bomb is useful
e Paper and cardboard moisture can vary significantly from region to region, thus lab runs by the Mahler
Bomb are useful
e Light packaging is a mix of polymers with different composition; a lab run by the Mahler Bomb could be
useful
e Textiles have a different LHV depending on the fiber, natural or synthetic; lab runs by the Mahler Bomb are
useful if specific LHV are not available from the literature
Summing up, the use of LHV for characterizing each fraction must be preferred to the Dulong approach and lab
analyses through the Mahler Bomb must be preferred as more reliable at local level.
For the proposed scheme an example of characterization is shown in Table 3 [26].

Table 3. LHV of waste fractions (1 kcal =4.186 klJ).

Fractions kcal/kg
Food waste (before addition of the contribution of undersieve) 951
Green waste 1,065
Paper 2,748
Cardboard 2,748
Glass 0
Metals 0
Light packaging 7,527
Wood 3,500
Textiles 3,489
Leather 3,489
WEEE 835

Hazardous waste 4,000
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Inert (before addition of the contribution of undersieve)
Mixed waste

Rubber

Diapers

Other (undersieve before re-classification into organic and inert)

0
4,500
7,000
2,850
600

In the literature, a variable attention is put to the composition of NVS. In reality, the growing importance of solid
recovered fuel (SRF) in the MSW management in EU, also as expected result of the implementation of circular
economy strategies, makes it necessary to characterize at least the content of Cl and Hg [27-32]. In the UNI CEN/TS
15359 the SRF is classified in 5 categories according to 3 specific parameters: Lower Heating Value, Cl and Hg.
The first one takes the meaning as economic parameter, the second one as technical parameter related to corrosion

problems and the latter as environmental parameter.

Summing up, the energy characterization of RMSW could be based on the scheme of Figure 2.

perform a
pied analysis > correct food optional:
of RMSW waste and measure Rl
inert fractions [> get the final E> and assess
percentages of BMP=f(RI)
24 fractions Fj
to characterise
assess moisture, <J RMSW C> assess LHV of
ash and the @ each fraction by
4 percentages lab analysis
of VSj in each ana.lyse Cland (Mahler Bomb)
fraction Hgln. each
@ fraction
calculate the @
weighted content calculate the
of moisture, ash weighted content
and the 4 kinds of Cland Hgin
of VSjin RMSW RMSW

LHV1

LHV2

LHV3

LHVa

LHV;j

G> calculate LHVRwsw = ). FjLHV;

Figure 2 Scheme of the proposed energy characterization of RMSW

4. Expected results

The main practical expected result is the avoiding of underestimation/overestimation of the streams of RMSW; a
wrong knowledge of its composition gives a risk of heavy diseconomies because:
e we could have to face with emergency conditions where locally there is not the possibility to treat the waste
generated; the adoption of the proposed methodology helps avoiding this criticality;
e we could have to face with loose of money because we could have less waste as input than the expected; the

proposed methodology prevents towards this risk;

e we could have a constructed plant with an extra-capacity not exploitable; if a public Administration can
demonstrate the availability of correct data for plant design, it can attract easier private investors.

5. Conclusions

This article demonstrates that RMSW characterization in an EU context needs more attention compared to the
past. The risk in keeping the conventional approach is to generate information inadequate for a correct design of the
management system, both in terms of collection and in term of treatment of RMSW. Indeed, in the past the role of
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landfill was central in MSW management giving the possibility to have a flexible destination for all the waste not
valorized. In that scenario, an underestimation of the capacity of a plant to be implemented was not so critical as
today. In fact, the present role of landfill, to be minimized according to the circular economy principles, makes
compulsory the construction of treatment plants with precise capacities, suitable for treating exactly what is not
source separated; direct landfilling is no longer viable for the authorization point of view (the circular economy
principles confirm that). Summing up, it is important that the sector plans the optimization of MSW valorization
adopting a model of characterization more detailed than in the past. This effort would cost order of magnitude less
than the money that could be wasted in wrong designs of treatment plants. The recent indication of the EU that asks
for a threshold limit of landfilling set at 15% of the generated MSW makes it compulsory the generation of data to
implement a model of MSW characterization like the one proposed in this article. Additional benefits of the model
are related to the deep knowledge of the streams of materials collected from MSW that can have a valorization
according to the EU targets of the circular economy.
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